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ABSTRACT

This report presents the results of a research program that had two

major objectives. The first objective was the development of a prototype

rotating stall control system which was tested both on a low speed rig and a

J-85-S engine. The second objective was to perform fundamental studies of the

flow mechanisms that produce rotating stall, surge and noise in axial flow

compressors and thereby obtain an understanding of these phenomenL. that would

aid attaining the first objective. The work is reported in thrze separate

volumes. Volume I covers the fundamental theoretical and experimental studies

of rotating stall; Volume II covers the theoretical and experimental studies of

discrete-tone aerodynamic noise generation mechanisms in axial flow compressors;

and, Volume III covers ihe development and testing of a prototype rotating stall

control system on both the low speed test rig and the J-85-S engine.

Volume I describes the theoretical and experimental investigation of

the influence of distortion on the inception and properties of rotating stall

for an isolated rotor row, and the effects of close coupling of a rotor and

stator row on rotating stall inception. The experiments were conducted in the

Calspan/Air Force Annular Cascade Facility, which is a low speed compressor

research rig. In addition, the previoui;ly developed two dimensional stability

theory for prediction of inception conditions was extended to include the

effect of compressibility and the developmcnt of a three dimensional theory

was in. iated. These studies led to the follcwing key results. The experi-

mental studies of distortion show that for a single blade row the response of

the blade row to the distortion and rotating stall are uncoupled phenomena and

may be explained on the basis of a linearized analysis. The experimental

studies of a closely coupled rotor-stator pair show that the addition of a

close.'" spaced stator row downstream of a rotor row delays the onset of rotating
stall. Moreover, the corresponding theoretical analysis predicts thi s trend
although juantitative agreement is hampered by the lack of appropriate steady-

state loss and turning performance for each blade row at the required operating

c•onditions. The theoretical investigation of the eftects of compressibility

for wholly subsonic flows outside the blade rows indicates that the effects of

6ii



compressibility do not alter the mechanisms of rotating stail as deduced from

the incomv)ressible theory in that the rate of change of the steady state loss

curve with inlet swirl is the dominant blade row characteristic affecting its

stability. Therefore, if the steady state losses are known for the compressible
flow condition, the linearized stability analysis is expected to apply.

Volume II describes a theoretical and experimental study of discrete-

tone noise generation by the interaction of a rotor and a stator, aad the de-

velopment of a direct lifting surface theory for an isolated rotor. An approxi-

mate nodel has been developed to predict the sound pressure level and total

power radiated at harmonics of the blade passage frequency for a rotor-stator
stage. The analysis matches the duct acoustic modes for an annular duct with
an ;Lpproximate representation of the unsteady blade forces which includes com-

pressibility effects. Measurements were made of the sound pressure levels

produced on the duct wall of the annular cascade facility by a rotor-stator

p;air. Predictions which indicated that only the fourth and higher harmonics

could be excited at conditions achievable in the facility, were borne out by

the experiments. The calculations of the sound pressure levels for the propa-

gating modes were significantly below the measured values. This discrepancy

is believed to result from inaccuracies in existing models of rotor wake

velocity profiles, which are shown to have a strong influence on prediztions

of the sound pressure levels of the higher harmonics. Volume II also contains

the formulation of a direct lifting surface theory for the compressible,

three-dimensional flow through a rotor row in an infinitely long annular duct.

A detailed derivation is given for the linearized equations and the corres-

ponding solutions for the blade t ,ickness and loadirng contributions to the

rotor flow field. The governing integral equation for the blade loading in a

lifting surface theory is obtained for subsonic flow and progress on its

solution is reported.

Volume III describes the development and testing of a prototype ro-

tating stall control system. The control system was tested on the low speed

compressor research rig and on a J-8S-5 turbojet engine. On the low speed

research compressor, the control was tested in the presence of circumferential

inlet distortion. These tests were performed to demonstrate the ability of

iv



tne control co operate satisfactorily in the presence of inlet distortion and

to aid in the selection of stall sensor configurations for the subsequent

engine tests. The contrcl system was then installed on a J-85-5 jet engine and

its performance was tested under sea level static conditions, both with and

without inlet distortion. On the engine, the stall control was installed to

override the normal operating schedule of the compressor bleed doors and inlet

guide vanes. The J-85-5 was stalled in two ways, first by closing the bleed

doors at constant engine speed, and second by decelerating the engine with the

bleed doors partially closed at the beginning of the deceleration. \ total o,-

41 compressor stalls were recorded at corrected engine speeds between 48 and

12 percent of the rated speed. In all cases, the control took successful

remedial action which limited the duration of the stall to 325 milliseconds

or less.

V
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SECTION I

I NTRODUCT ION

'FThe useful operating range of a turbine eng inc compresser is greatl.y

influenced by its stalling characteristics. The optimum performance of a

turbo-propulsion system is usually achieved when the compressor is operating

near its maximum pressure ratiou However, this optim, lm is gencrally not

,ttainable because it occurs close to compressor stall and unstable flow con -

ditions. Because of the serious mechanical damage that may result during com-

pressor stall cycles, a factor of safety (:stall margin) must be provided

between the compressor operating line and the stall boundary . This is Lisutally

done 1y presch,'Auling the primary engine controls. However, the prescheduling

approach :an le-id to the requirement for a large stall margin in o1rderI to e,'op

the engi ie fror, staliing under all. possible transient and steady state flight

conditions. It is clear, then, that in enrgine control yvstter that can sense

incipient destructive unsteady flow in a compressor and take corrective action

would allow for reduced stall margins iii the design and thr,; lcad to lirg,,e

engine perfur.3arice and/or efficiency gains. Recognition of thi s fact has been

the motivation for a continuing program of research that the AF:,\PIl hoas sponsored

at Calspan dating back to 19(2.

The work at Calspan has been both theoretical and experimental in

nature and has been aimed at obtaining a sufficieent underst andirg of thci rot at

ing stall phenomena such that its onset and its propert iCes can be pIred i c ted

and controlled. The capability of predicting the onset of rotating stA11 o•

isolated blade rows of high hub to tip ratios in low speed flows Wa0 demon-

strated in Reference 1. In addition, the basic feasibility of developiig o

rotating stal control system was demornstrated in tile Calsl)an/Air Force *.\i-nwilar

Cascade Facility. '7his present report summarizes tile latest thrnec year

research program at Calspan. The specific goals of the present program wert,

to extend the fundamental studies of rotating stall to consider the effects of

compressibility, blail-. rew interaction and inlet distortion; and to extend the



fundamental aerodynamic and acoustic analysis of flow through a compressor.

In addition, the rotating stall control system was validated by successful

ground tests on a J-8S-S turbojet engine.

The work i3 reported in three separate volumes. Volume I entitled,

"Basic Studies of Rotating Stall", covers the theoreticai and experimental

work on the effects of distortion and close coupling of blade rows on rotating

stall inceptio" and properties. In addition, the theoretical analysis of com-

pressibility is treated in the two-dimensionra' 4proximation and the initial

development of a three-dimensional theory is given. Volume II entitled,

"Investigation of Rotor-Stator Interaction Noise and Lifting Surface Theory

fur a Rotor", describes the development of a linearized lifting surface theory

for the subsonic compressible flow through an isolated rotor row. In addition,

a theoretical and experimental study of the noise generated by the interaction

of a rotor and stator is described. Volume III entitled, "Development of a

Rotating Stall Control System", describes the development and testing of the

control system installed on a low speed research compressor and on a J-85-5

turbojet engine.

Volume I has been divided into thu main sections which are Experimental
Rotating Stall Research and Theoretical Rotating Stall Research. The section

on experimental research describes the low speed tests ni in the Calspan/Air

Force Annular Cascade Facility to investigate the effects of inlet distortion

and blade row interference )n rotting stall. The section on theoretical re-

search describes the two dimensional stabilit., thcory that was developed for

correlation with the above experimental data. In addition this section con-

tains the summary of the renults of extension of the two dimensional theory to

compressible flow and the initial developments of a three dimensional theory.



ectTION II

EXPERIMENTAL ROTATING STALL RESEARCH

As a part of the work under a previous program Contract AF 33(615)-3357,

an annular cascade facility was designed and fabricated. Its principal purpose

is to provide detailed fundamental experimental data during and prior to the

occurrence of rotating stall in order to improve our understanding of the phe-

nomena and for use as a guide in improving the theoretical analysis. Tle

facility has also been used to evaluate the operation of a prototype rotating

stall control system and to provide acoustic data for comparison with theory.

The acoustic measurements are described in Volume II of this report and the

control system tests are described in Volume III. This section presents the

fundamental experiments on rotating stall.

In previous programs using the annular cascade facility, rotating

stall has been induced on a variety of stator rows with differing geometries

and on a rotor row at various stagger angles. The experimental inception con-

ditions and properties of rotating stall were measured. All of these investi-

gations were conducted in the absence of deliberate inlet distortion. We at-

tempted to minimize distortion although some unavoidable radial distortion was

present because of the use of inlet guide vanes in most test configurations.

The distortion was measured but no attempt was made to vary or investigate the

distortion. Since it is known that inlet distortion can influence surge and

rotating stall inception, a major portion of the current program was devoted

to investigating the effects of circumferential inlet distortion on rotating

stall. This study consisted of two parts. In the first part, an isolated

rotor was tested in the presence of distortion patterins which werq stationary

in the laboratory frame of reference. In the second part, one of the distortion

patterns was rotated about the compressor axis at a series of angular velocities

while the rotor velocity was held fixed. The latter study wa-, designed to

determine if the time of passage of a rotir blade through a distortion cell

plays a signifi,-ant role in blade row sensitivity to inlet distortion.

In addition to the inlet distortion studies, the current program in--

clIded a limited examination of the effects of rotor-stator interference on

t he inc ption of rotating stall. The rotor row ind stator row choser for these



experiments had previously been tested in isolation so that the conditions

under which the individual rotor row and stator row undergo rotating stall

inception were known. Thus the presence of interference effects between the

two rows when combined as a rotor-stator stage could be determined by compari-

son with the individual blade row performances. The results were also used

for comparison with the predictions of rotating stall theory for multiple

blade rows.

The order of presentation of the experimental program in the remainder

of this section is as follows. A description of the annular cascade facility

is presented in Section II-A. 3ection II-B presents the results of the study

of rotor-stator interference effects on rotating stall. Section II-C presents

the results of the rotating stall experiments in the presence of inlet dis-
tortion. This section includes thr work o1' both stationary inlet distortion
and on rotating inlet distortion. Finally, in Section II-D, a summary of the

experimental program un rotating stall is presented along with those .onclu-

sions which can be drawn from inspection of the results.

A. DESCRIPTION OF ANNULAR CASCADE FACILITY

A detailed description of the annular cascade facility has been pre-

sented in Reference 1. Rather than repeat much of this detail, the following

description is oriented towards noting changes in the facility m,.de during

the current program.

1. General Description

The annular cascade facility consists of a test section built around

the outer front casing of a J-79 jet-engine compressor with a Calspan fabi-

cated hub. The facility includes a bell-mouth inle* on the outer casing and

a bullet nose on the hub to provide a smooth flow of air to the test section.

Outlet ducting is connected to an independently variable source of suction to

provide the required flow through the annulus. An electrically powered two-

speed axial flow fan is used as the source of suction. Continuous control of



the mass flow is achieved through the use of variable inlet guide vanes to

the fan and a variable damper in the fan e.xit flow. Photographs of the :om-

plete annular cascade facility and of the test-section portion of the facility

are shown in Figures I and 2, respectively.

The test section of the annular cascade forms a circular annulus

with an outer diameter of 29.35 inches and an inner diameter of 23.35 inches

which provides a hub-to-tip ratio of 0.80. The outer casing will accept up
to six variable stagger angle st ator rows. The hub has provision for two

rotor rows at the third- and fifth-stage rotor locations of the J-79 compressor.

At Present, speed control on each rotor hub _Js independently variable in

either direction of rotation. The overall combination of variable stagger

angle stators, independently powered rotors, and independent mass flow control

provides exceptional versatility to the complete test rig.

2. RoaigHub Drive Systems

During the course of the current investigations, two different drive

systems were used to pcwer the rotating hubs in the annular cascade facility.

The original drive system allowed both rotors to beŽ driven at the same speed

or one rotor to be driven while the other was held fixed. All experiments

which required the use of only one powered rotor were pcrfornmed with this

drive system. However, the experiments with rotating distortion required each

rotor hub to have independent speed control. Thus the rotor drive system was

modified to provide this capability. The drive system modification did not

alter any dimensions within the circular annulus test section of the facility.

Both rotor drive systems are de~scribed in the following paragraphs.

Details of the original rotating hub installation in the annular

cascade are showni in Figure 3. The nain fe..tures of the design are as follows.

There are two rotor assemblies, one centered at the axial location of the

third stage rotor in the J-79 compressor and one centered at the J-79 fifth

stage rotor. Both of these rotors are driven by a common drive shaft. How-

ever, either rotor can be decoupled from the drive 5haft and held stationary



while the other rotor is driven. Alternatively, both rotors can be driven,

but only at identical velocities ir1 the, same direction. Only the rotor as-

semblies rotate, the outer skin on the hub upstream and downstream of the

rutors and between the rotors is held stationary. The drive shaft to the

rotors is p~owered by a 24 horsepower hydraulic motor. Rotational speed is

infinitely variable in either direction betw•,.en zero and approximately 1500 rpm.

An external hydraulic pump systen powered by' hor• e-cwcr elect'.tc motor

is used to provide power for the hydraulic motor.

The modified rotati hub inscallation is shown in Figure 4. In

this design both the third and fifth stage rotor hubs remain in the same

axial locations as in Figure 3. The third stage ,otor shaft is driven directly

by the original drive shaft, hydraulic motor, and hydraulic pump system.

The fifth stage rotor is mounted on a concentric drive shaft which is chain

driven by a second hydraulic motor. Power for th:s second hydraulic motor is

provided by a separate and larger hydraulic pump system with a ;0 horsepower

electric motor. With this modified hub, both rotor hubs have completely inde-

pendent speed controls and can be rotated in either direction. Here again,

only the rotor assemblies rotate, the outer skin on the hub upstream and

downstream of the rotors and betveen the rotors is held stationary. Maximum

speed capability on the third stage iotor h11U is approximately 1.00 rpm. Max-

imum capability on the fifth stage rotor hub has not been tested, but

it is ,er than that of the third stage rotor hecaus,, of the larger hydraulic

pump system.

The two rotor hubs havw. provision for accepti-ng different numbers of

ro*or blades. The stage 3 rotor hub i. desigred to accept 36 blaides while

the stage 5 rotor hub is designted to accutt .16 blades. The method of tasttning

the blades to either hub allows irndiV'dUal adJi'stment of the stagger angle.

Details of the blade fastenin s arIv : A' .)low in ln irstrt i-1 Fioire

In addition to rotor blals, two 5.:mit'tri, mdit -lItc Ut

sCI'reeUh.i W.•'ere designed for m()ltii ng oti th-, third! itd.:,L r,."•r h•,i T c- ,> te -
,odv-s -'f tile 'ýcreo'ns .C, )MI't: !) }, m ',_2:;',Wr ,._J ,. - lit i, ' . , bc
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rotated about the compressor axis. The screens are perforated steel plates.

The mounting system uses the same holes as the rotor blades. Details of the

screen ,ounting system are shown in an insert in Figure 4. This system

allows configuration changes to be made withou' disassembly of the hub portion

of the rotating rig.

3. Rotor and Stator Bladinj

The tests performei2 during: ',is 1;r:ýram involved eith~er an isolated
rotor in the presence of inlet distortion or a closely coupled rotor-stator

stage. The fifth stage rotor and stator blades from a J-'9 compressor were

used in these tests, unmodified except for blade length which was shortened

in order to fit -,Lto the thre•-inch annulis of the tet rig. In each case,

the spanwise portion of the blades clcsest to the outer compressor casing was

used. The set of rotor hlades haq been legi.,nated as Rotor Set No. I and the

set of stator blades aF Statir Set No. 1 in keening with the nomenclature ,ised

in Reference I. The geometric ch'aricreristics of these blades have been

presented in Reference I wlin. i •iih !etail,,d Tmeas,,rements )t tir ,ng ani 15ss

performance when used as sinvle ýlado r)ws in isolation. Ihe extensr"e per-

formance data are :ot repeated i;'2r-oin except where they are used for purposes

of comrari.,or wi-h the c.;rre.t t* res rut s. 'h d eometr? rt

istic- are reeated ecl.

Rotor Set ';c. i has the .: ,' h !ales ar',d :- at t5,' saI-,

axial location a h' at; qahoio r- r T,, e.'e ,ri Ia -9 cC presor. These

bladeq have 'C "' -.. ,; "v, t ,:- ai .:'c2-3,

line.

,73,e • e , - -: . iara- ,rir c i ,, ' ' ' :I



TABLE I

Geometric Characteristics of Rotor Set No. I

Blade Length 2.98 inches

31ade Chord 1.448 inches (constant)

Blade Thickness; Outer Diameter 0.072 inch

Mid-Annulus 0.086 inch

Inner Diameter J.113 inch

Blade Camber Angle (angle between tangents

to mean camber line of leading and trailing

edges); Outer Diameter 23.5 degrees

Mid-Annulus 28.0 degrees

Inner Diameter 32.7 degrees

Blade Twist See Below

Number of Blades 46

Soi idity at Mid-Annulus 0.805
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r The blades in Rotor Set No. i. have a nominal twist of 14.5 degrees

over the three inch span. However, measurements showed that in practice, the

twist over the center 2-½ inches in these production J-79 blades varied be-

tween 10.8 and 14.4 degrees with an average value of 12.9 degrees. The blades

were installed in a sequence which distributed the nonuniformities in twist

over the complete ci.rcumference.

A blade tip clearance problem was encountered on installation of

the rotor assembly in the annular cascade. The J-79 compressor outer casing
used in the annular cascade is about one-tenth inch out of round with the
split line diameter being the largest. In final assembly, the rotor was

mounted in the casing with shims along the split line which provided the

following tip clearances: 0.030 inch on the top and bottom and 0.04b to 0.0-4S

inch on the sides. Since the stagger angles of the roeor blades are adjustable,

the quoted tip clearances apply only to the mid-chord pivot points. Clearance

at the blade leading and trailing edges vary slightly with changes in stagger

angle from the angle for which the tip contour vas determined. The stagger

angle used to determine the Lip contour was the maximum which was expected to

be used. The choice of lower reference stagger angles would have resulted in

interference between the blades and outer casing at stagger angles much larger

than the reference.

Stator Set No. 1 has the same number of blades and is located at the

same axial location as the fifth stage stator row in the original J-'9 com-

pre!,sor. Its geometric characteristics are listc,. in

1. Instrumentation

The outer casing of the annular cascade t*Lest section haý; beer,

modified to allow circumferential and radial traverses with hot-wire and

total pressure probes upstream ind downstream of the fitth •taie location.

These traverse locations are shom in Figure 2. Two probes can be acnoiouatel

simultaneously in either of these traver,,e mounts wi'th ad'ustable iT, ,1-,

ferential spacing between the two probes. In addition, i:nple radial :raer'..

can be made at various other locations in the te'," section.



TABLE II

Geometric Characteristics of Stator Set No. 1

Blade Length 2.98 inches

Blade Chord; Outer Diameter 1.316 inches 4

Inner Diameter 1.290 inches

Blade Thickness; Outer Diameter 0.15A inch

Inner Diameter 0.1132 inch

Blade Camber Angle (angle between tangents

to mean camber line of leading and trailing

edges) 35.6 degrees

Outer Diameter 0 degree

Blade Twist; Mid-Annulus 0.28 degree

positive twist Inner Diameter 1.42 degree

reduces stagger

Number of Plades 54

Solidity at Nlid-Annulus 0.85

- lA



S~A linearized two-channel, constant--temperature, ho'ý-wire anemometer

Ssystem was used in conjunction with a crossed-wi-re probe fc: the velocity and

swirl angle measurements. Readout for the hot-wire systen was made by means

of a two-channel integrator-digital voltmeter system. Each linearized hot-

wire signal was integrated for 60 seconds and the tir~e average was calculated

from the readings on the digital voltmeters.

Total pressure surveys were made through circumferential traverses

with a multiple-tube total pressure rake. The total pressure rake was align ed

with the flow by using a Conrad arrowhead style yawmeter incorporated on the

rake. In all tests, the pressures detected by the rake were photographically

recorded from a multitube inclined manometer.

In most cases, rotating stall was detected and the number of cells

and propagation velocity were measured by using outer-wall static pressure

taps connectei to pressure transducers. Two pressure taps at different cir-

cumferential locations and at an axial location corresponding to the quarter-

chord on the rotor blades were used. In the tests with rotating inlet dis-

tortion, rotating stall was detected in several ways. The most informative

method consisted of measuring the mid-annuluis total pressure fluctuations

just upstream of the rotor.

In all of the experim~ents, mass flow through the test section was

determined by measuring the dynamic pressure in the constant-area annulus

upstream of the test section.

B. INVESTIGATION OF EFFECT OF ROTOR-STATOR INTERFERENCE ON
ROTATING STALL

Previous studies of rotating stall in the annular cascade facility

were concentrated on isolated rows of rotors on stators. Although the stator

row studies required the use all upstreamr guide vanes to generate the swirlea

flow necessary to provide the conditions for rotating stall, the axial

- - - - - -~- - -1
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separation between the guide vane row and stator row was large compared to

the ty-pical spacing of a rotor-stator pair usually found in a compressor

stage. Moreover, in most of these tests, both the guide vane row and the

stator row were stationary. Thus the current experiments were undertaken to

determine if interference between a closely coupled rotor-stator pair changes

the conditions for inception of rotating stall from those which are found on

isolated blade rows.

The notation for these experiments is shown in Figure 5 and a sketch

of the annular cascade with its geometric dimensions is shown in Figure 6.
The rotor-stator stage used in the annular cascade consisted of Rotor Set No. 1

followed by Stator Set No. 1. These are modified blade rows from the fifth

stage of a J-79 compressor (See Section II.A.3). The steady state performance

F of these blade rows had been determined previously (Reference 1) for the con-

dit ions near rotating stall inception on each of these blade rows in isolation.
* In addition, the inception point and properties of rotating stall of each

blade row in isolation had also been determined. In the current work, the
* inception point and properties of rotating stall on the combined blade rows

were studied. The techniques used to measure rotating stall properties are

the same as those used on the isolated rotor. These have been described in

Ref~erence 1.

T1hp tests v'.:re performed for one stagger angle setting of the rotor
blades ( 40 dogrees) and for four stagger angle settings of the stator
blades ((5,,, 28.2, 37ý2, 47.2 and 57.2 degrees). Since both rotor and stator

blades are twisted, the quoted stagger angles, d,~ and cf,H , correspond to

the values at mid-annulus in the o'nnular cascade. In addition to determining

the rotating stall inception point, propagation velocity, and number of cells,

the static pressure rise across the stage was also measured over a range of
rotor rpm's for each of the stator stagger angle settings.

A summary of the inception points found in these tests is presented

in Table III along with the isolated rotor results for comparison. In all

cases tested, the presence of rotating stall was detectable from signals

12
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generated by pressure transducers installed near the blade tips of both the

rotor row and the stator row. Thus, it is not possible to determine absolutely

which blade row was responsible for rotating stall when it occurred. However,

for the two lowest stator stagger angles, d~u28.2. and 37.2 degrees, and to

a lesser extent for d, = 47.2 degrees, the stall signals displayed character-

istics similar to rotating stall on the isolated rotor. At the highest stator

stagger angle, the rotating stall signals were very irregular on both blade

rows but the general features looked more like those associated with stator

stall. In any event, both blade rows in the closely coupled stage appeared
to participate strongly in the rotating stall phenomenon,

In Table III, the rotor speed at inception with increasing rotor

speed is shown along with the corresponding overall inlet swirl angle 3

relative to the rotor. Similar data are shown for the point at h. ich rotating

stall dies out as rotor speed i- decreased. The sign convention for angles is

given in Figure 5. For all of the cases tested, the addition of a stator

row downstream of the rotor row delayed the inception of rotating stall. The

delay in inception increased as the stator stagger angle was increased. In

terms of rotor speed, the delay in inception was substantial ( Z25%) at the

two highest stator stagger angles. The case with d., = 57.2 degrees is probablY

not of practical interest since the stator blades were either very' lightly

loaded or even negatively loaded. Nevertheless, these data could be useful

for assessing the validity of the two bladie row rotating stall theory under

widely varying conditions.

The delay in rotating stall incepticn to higher rotor speeds on the

coupled rotor-stator stage has a large effect on the static pressure rise at-

tainable by the stage. Moreover, the behavior of the pressure rise nea17 stall

appears to be dependent on the degree of loading of the stator blades. These

effects are discussed in the following paragraphs.

The static pressure rise data measured across the isolated rotor

and across the rotor-stator stage are shown in Figures 7 and S respectively.

The data were measured both at the hub and at the tip through pressure taps

[4



located on the inner and outer casings of the annular cascade. In these ex-
periments, the pressure rise data were obtained over a range of rotor speeds

with the mean axial flow velocity, UI. ,held constant at 60 fps. The pressure

rise has been made dimensionless by dividing by the dynamic pressure correspond-

ing to this value of U.0 . On each figure the presence of rotating stall is

L indicated by tails on the symbols and the rotor speed at rotating stall in-

ception is indicated. In instances where inception displayed hysteresis,

data are shown both with and without the presence of rotating stall.

As expected, the isolated rotor data in Figure 7 show that the static

pressure rise across the bldde row is greater at the tip than at the hub, and
that the difference increases with increasing rotor speed in the unstalled

region. This is in contrast with the preisure rise characteristic for a

stator row which generally displays the greatest static pressure rise at the

hub. See for example Figure 28 of Reference 2. When the rotor and stator ire

combined to make a stage, as in Figures 8(a) through 8(d), the difference

between hub and tip static pressure rise on the rotor and stator tend to

cancel provided that the two blade rows are well matched. In these figvres,

the data iur .,a28.2 degrees provided the closest match between rotor and

stator characteristics. As the stator stagger angle is increased, the blade

row matching deteriorates and the difference between the hub and tip static

pressure rise increases. The data in Figure 8(d) for 6~., = 57.2 degrees is

a particularly bad mismatch. The data for the isolated rotor displays a

greater pressure rise over the full range of rotor speeds tested than the

data for the stage with 65M = 57.2. degrees. This is true even for the rotor

speed range whe-e the isolated rotor was in rotating stall while the stage

was ot.The stage pressure rise data behave as expected in the rotor speed

range where rotating stall is absent. At any given rotnr speed, the highest

pressure rise is attained when the stator row is most highly loaded

( &,M = 28.2 degrees) and the pressure rise decreases progressively as the

stator row is unloaded ( increasing). However, the pressure rise data

show an interesting feature as inception is approached. Tile attainable pres-
sure rise just before inception increases in value as the stator row is un-

loaded (except for the! badly mismatched case =57.2 degrees'-. Apparently



decreasing the loading on the stator row increases the rotor speed at incep-

tion by an amount large enough that the maximum- attainable pressure rise is

increased before rotating stall occurs.

With the isolated rotor (Figure 7) a small hysteresis in rotating

stall inception was observed and the pressure rise curves display a small

discontinuity in both magnitude and slope in the hysteretic region. For the

stage with c5,, - 28.2 and 37.2 degrees (Figures 8(a) and 8(b)) rotating stall

inception was again hysteretic and the hysteresis was not large in terms of

rotor speed. However, the discontinuity in the pressure rise curves is much

more pronounced especially for 6,121 28.2 degrees. At the two highest stator

stagger angles (Figures 8(c) and 8(d)) no hysteresis was observed at inception.

In these cases the pressure rise curves show a discontinuity in slope at in-

ception but there does not appear to be a significant discontinuity in mag-

nitude.

The experimentally determined rotating stall propagation velocities

and numbers of cells are shown in Figure 9(a) for stator stagger angles of

28.2 and 37.2 degrees and in Figure 9(b) for stator stagger angles of 47.2

and 57.2 degrees. Similar data measured previously on the isolated rotor are

shown on each figure for comparison. At the three lowest stator stagger

angles the dimensionless propagation velocities relative to the rotor row are

substantially higher than thcse found on the isolated rotor. There also ap-

pears to be a small decrease in relative propagation velocity as the stator

stagger angle is increased. Near inception, a single stall cell was found to

be propagating for stator stagger angles of 218.2, 37.2 and 471.2 degrees as

well as for the isolated rotor. After inception, the number of cells remained

at one for 6,, = 28.2 and 37.2 degrees but increased to a maximuzý of four for

=47.2 degrees. The number of stall cells on the isolated rotor increased

to two well after inception. Thus for these cases, the number of cells near

inception is similar to the isolated rotor and after inception there are some

small differences. The characteristics of the pressure signals from the ro-

tating stall sensors looked like those associated with rotating stall on the

isolated rotor.



At a st-tor stagger angle of 57.2 degrees, the rotating stall

properties changed considerably from those found with the lower stator stagger

angles. The relative propagation velocities dropped to values near those

found on the isolated rotor and the number of cells increased to between sevenI

and eight. Moreover, as noted previously, the pressure signals from the ro-

tating stall sensors had general features which looked more like those asso-

ciated with stator stall than with rotor stall.

In summary, the comparison of rotating stall properties observed on

the closely coupled stage with those observed on the isolated rotor indicates

that the interaction between the blade rows in a stage can have a substantialI
effect on the inception and properties of rotating stall. The most interesting

result was obtained on the stage with the stator stagger angle set at 47.21

degrees. With this configuration, the static pressure rise measured at in-

ception eliminated the sharp drop in pressure rise when rotating stall first

occurred. In Section III, the results of preliminary correlations between

the predictions of the two-blade row theory and the results of these experi-

ments are presented. These correlations are encouraging in that the theory

predicts that blade row coupling does stabilize the stage and appears to pro-

vide an accurate quantitative .-lue for the delay in inception for a stator

stagger angle of 28.2 d..grees. However, the theoretical predictions are based

on large extrapolations of the stator steady state turning and loss performance.

These extrapolations were necessary because it was found that the data avail-

able for Stator Set No. I A4id not fall within the range of inlet conditions

which occur when the stators are coupled to Rotor Set No. 1. Nicreover, ýit

te larger stator stagger angles tested, the large delay in inception leau1.i

to the problem of estimating the steady state losses on the rotor undler Curl-

ditin-, tc etndral thdue stadotatin salos and turninglte p rftor.ac malsur t

whic nlne ormallynindue road tatin lostalond therisolatedrotor.ac mehure

ment cnthe isolated stator to include the required inlet condition,; ani 'alsc

tomeasure the performance of the rotor row and stator row when combined i;:.

a closely coupled stage.

t
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C. INVESTIGATION OF EFFECT OF STATIONARY AND ROTATING INLET
DISTORTION ON ROTATING STALL

There have been numerous tests which used circumferential distortion

at the inlet to multistage axial flow compressors. These tests are usually

performed in order to determine the reduction in stall margin of the compres-

sor when subjected to such distortion. In some cases, the compressor appears

to be most sensitive to a particular circwmferential extent of the distortion

pattern. In fact, there is evidence that multi-lobe distortion patterns, all

of which have the same total extent, can have different effects on compressor

stall margin (e.g., References 3 and 4). This indicates that the observed

reductions in stall margin could depend on a dii,. nsionless reduced frequency

or Strouhal Number which is formed from the time of passage of a rotor blade

through a distortion pattern, a typical relative flow velocity, and a typical

rotor dimension in the direction of the relative flow. A stall-delay concept

based on the above idea has been recommended recently by Korn5 for the im-

provement of parallel compressor theories.

Investigations of the above type are very useful for estimating the

effect of inlet distortion on compressors of uiimilar design and for providing

some understanding of the parameters involved. However, they fall short of

providing an understanding which is sufficient to predict the way in which

inlet distortion can initiate rotating stall and surge. For example, it is

possible that the geometry itself, such as tht number of lobes, can effect

rotating stall inception iaideperidently of the passage time of a rotor blade

through a distortion lobe. Geometry dcpendent distortion pattern effects

similar to those obtained %,'ith the stall delay concept have been proposed in

Reference 6 by considering only the effect of a diffuser downstream of the

compressor.

The work presented in the following paragraphs was designed to

study the effect of circunfeiential inlet distortion on a simple configuration

consisting of an isolated rotor in a constant area annulus. The configuration

was kept simple in order to ticilitate comparuison with the theoretical studies

L . . ......



of Section III. In addition, these experiments were designed to search for

unambiguous evidence that rotating stall inception may be sensitive to a re-

duced frequency wnich contains the time of passage of the rotor blades through

the distortion pattern. In order to investigate reduced frequency effects,
the experimental program consisted of two parts. In the first part, the ef-
fect of stationary multi-lobe distortion patterns on rotatiag stall was studied.

Two symmetric multi-lobe distortion patterns were used. Each pattern covered

the same total area but one consisted of two lobes and one consiste.d of four

lobes. In he second part, the two-lobe divto.-ticn pattern was rotated about

the compres'ir axis at different speeds while holding the rotor speed constant.

The latter study allowed variations in the relative reduced frequency seen by

the rotor without substantial changes in the geometry of the distortion pat-

tarn. Interpretation of changes in rotating stall inception observed in

these experiments is ruibject to less ambiguity than evidence inferred indi-

rectly from multi-lobe distortion investigations in which the geometry of the

distortion pattern is changed.

Both the stationary and rotating distortion investigations were

performed with Rotor Set No. 1 whose geometric characteristics are described

ii, Section II-A. This rotor set had already been tested as an isolated rotor

(Reference 1) so that its performance in isolation was available for purposes

of compa ".son.

The results of the investigation of the effect of circumferential

inlet distortion on rotating stall are presented in the following paragraphs.

The calibration of the stationary multi-lobe distortion screens is presented
first. This is followed by a presentatio,,i of the results obtained with sta-
tiorlary distortion. Finally the results of the rotating distortion studies

are presented.

1. Calibration of Stationary Distortion S'creens

The notation used in the distortion studies is shown in Fiiure 1(,

and a sketch of the annular cascade with the appropriate geometric dimensions

is given in Figure 11. As discussed in Section II-A-2 arid illustrated ir
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Figure 11, the distortion screens were mounted on the upstream rotor hub so

that they could be rotated about the compressor axis. In the tests with sta-

tionary inlet distortion, two circumferential distortion screens were used,

one with two lobes and one with four lobes. These screens are sketched in

Figure 12. Figure 12(a) shows the symmetric two-lobe pattern (Configuration A).

Each lobe has a circumferential extent encompassing 60 degrees. Figure 12(b)

1 shows the symmetric four-lobe pattern (Configuration B). Each lobe of this

pattern encompasses 30 degrees. Tr 1 pressure surveys were made in the

wakes of the screens with a small total pressure rake which can be traversed

circumferentially over a limited range (approximately 30 degrees), in combina-

tion with the various screen locations. The screens could be indexed to any

circumferential position. The data were then analyzed as though the screens

were held fixed at a reference position and the rake traversed over the com-

plete angular range of interest. Figures 12(a) and 12(b) show the reference

locations of the screen elements.

The results obtained from the total pressure surveys downstream of

screen configuration A are shown in Figures 13(a) and 13(b) for two different

rotor speeds, 500 and 950 rpm respectively. Similar data are shown in

Figures 14(a) and 14(b) for screen configuration B. In all of these figures,

the to,-,l pressure coefficient, e .', 8) is defined as

= P ( ,. 0 • . . ....... __

where &_4 is the total pressure upstream of the screen

H, is the total p'essure in the survey plane downstream nf the

screen rbut upstream of the rotor)

up is the mean axial velocity measured upstream of the screen

r: density

Each figure contains circumferential, (e), surveys for various radial locationt.

26r .The origin for the vertical total pressure coordinate is displaced for

each ,r" in proportion to the value of Ir
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The two rotor rpmu's were investigated with each screen to determinej

if there was any significant upstream influence from the rotor on the screen

generated distortion patterns. At 500 rpm the rotor was practically unloaded

and at 950 rpm the rotor was loaded nearly to the inception point for rotating

stall. Comparison of Figures 13(a) and 13(b) for configurati-on A and Figures

14(s) and 14(b) for configuration B indicates that any upstream effect of the

rotor angular velocity cii the total pressure was insignificant.

In. general, the distortion screens behaved as expected, generating

a relatively sharp edged wake with a total pressure coefficient relatively

close to unity. In all cases, the hub and tip wall boundary layers are evident]

in the data for the smallest and the largest values of Ar , where the total

pressure coefficients remain below zero evren outside of the screen wakes.

Following the total pressure calibrations, the two distortion screens

were calibrated for swirl angle. All swirl angle measurements were made with j
a crossed hot-film probe operated by two Thermo-Systems hot-wire anemometers.

The outputs from the two anemometers were linearized and then integrated for I
a period of sixty seconids in order to obtain an accurate tine average of theI

flow angles. Air temperature variations were corrected for in the initial

calibration procedure prior to a test run. Since each data point in the swirl

angle surveys required a minimum elapsed time greater than sixty seconds, the

swirl angle measurements are more limited in the rumber of data points gathered

than were the total pressure data.

The results of swirl angle surveys between the rotor and the two-lobe

distortion screen (Configuration A) are shown in Figures 15(a) and 15(b) for

rotor speeds of 500 and 950 rpm respectively. Similar results are shown in

Figures 16(a) and 16(b) for the four-lobe distortion screen (Configuration B).

Each figure contains circumferential ()surveys for five different radial

locations (arj. The sign convention for swirl angle (/3) is shown in Figure 10.

The circumferential distributions of swirl angle generated by both

Ii distortion screens are asymmetric, with the data measured near the hub showing
the largest variations. Moreover, ur~ike the total pressure distributionsII 21



which were insensitive to rotor speed, the swirl angle distortion increasesI
significantly as rotor speed is increased. Almost 3ll of the increased dis-
tortion in swirl. angle with increasing rotor speed occurs over the lower half

of the screens (the lower edge of the screen is the one with the smallest

value ofi ) . The lar. s variations in swirl angle, between the distortion

[ screens and rotor are similar to those observed under similar conditions in

other experiments. For example, see Reference 7 which comments on the results

obtained in several experiments. Apparently the swirl angle variations are

predicted reasonably well by actuator disc theory and the variations decrease
with distance upstream of the rotor.j

2. Experiments With Stationary Inlet Distortion

Following the calibration of the two stationary distortion screens,

the effect of these inlet distortions on the steady state turning and loss

performance of the rotor and their effect on rotating stall was studied. The

turning and loss performance of the rotor is presented first.

Total pressure surveys downstream of the rotor were made with both

screen configurations for a wide range of rotor rpm and with the mean axial

velocity, U. , held constant at 60 fps. The rotor used in these tests is

Rotor Set No. I of Reference 1 set at a stagger angle, d,, of 40 degrees.

With screen Configuration A, the rotor rpm's used for the tests were 500, 700,

r830, 950, 1000, 1050, and 1150. Rotating stall occurred during the tests at

1050 and 1150 rpm. With screen Configuration B, the rotor rpm's were 500,

700, 850, 950, 1000, 1050, 1150, and 1200 with rotating stall present at the

three highest values. These surveys were made with a total pressure rake
which spanned approximately one-half of the depth of the annul-us. The com-

plete annulus was spanned by taking two sets of data, one with the rake set

close to the hub, and one with the rake set close to the tip. The rake in-

corporated a Conrad arrowhead style yaw meter at its mid-span. This was used

to align the rake with the local flow direction. Thus if there were signif-

icant deviations in flow angle between the outer and inner portions of the

annulus, the two data runs would allow approximate alignment of the rake to

account for these deviations.
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The results of the total pressure surveys are shown in Figures 17(a)

through 17(h) for the two-lobe screen (Configuration A) and in Figures 18(a)

through 18(h) for the four-lobe screen (Configuration B). For a given screen

configuration, each figure corresponds to a different rotor rpm and the range

of rpm's extends from nearly unloaded (500 rpm) to loading beyond the inception

point of rotating stall (above 1000 rpm). The total 7ressure coefficient,

Cpr (r,6) is defined as

C (r, a

where He is the total pressure upstream of the screen

Ha is the total pressure downstream of the rotor

U. is the mean axial ve'.ocity measured upstream of the screen

0 is the air density

Each figure contains circumferential (9) surveys for various radial

locations,.ar The horizontal reference line for the total pressure coordi-

nate is displaced for each value of.3r in proportion tc the value of r.

Note that these reference lines do not always correspond to C•. = 0. At

the higher rotor speeds for each configuration, C.,r 1 was chosen as the

reference line in order to maintain the vertical scale ratio for ir in thpse

figures.

The complete total pressure surveys presented in Figures 17 and 18

show several interesting fzatures. First, the distortion patterns generated

by the screens are not completely diffused by the rotor. The wakes are most

evident near the hub (small-bp,) and tend to be more diffused after rotating

stall inception (above 1000 rpm). Second, the data show distinct positive

peaks in the total pressure distributions near mid-annulus at a circumferential

location, :9 , approxinately ten degrees less than the location of the lower

edge of the screen (the lower edge is the one with the smallest value of e

rhe rotor spins in the direction of decreasing 9 and any deflection by the

rotor of the screen wakes shouid also occur towards smaller values of 6.



At the smallest rotor speeds, there is evidence of a corresponding negative
peak in the total pressure near the upper edge of the screen, but this is

small and dies out quickly with ii~creasing rpm. Moreover, the positive peak

in the total pressure near the lower edge of tzhe screen dies out after ro-
tating stall inception for both distortion screens. It is possible that the

peaks observed in the total pressure distributions arL a result of the response

of the rotor to the variations in inlet swirl angle generated by the diLstor-

tion screens. For example, the large negative values of inlet swirl angle

shown in Figures 15 and 16 Iae~r the lower edges of the screens aay be the

cause of the positive peaks in downstream total pressure in this same region.

The negative swirl angles in this region increase the local angle of attack

of the rotor and should increase the work performed by the rotor and thus the

downstream total pressure. The converse is true near the upper edges of the

screen but the effect is smaller.

Swirl angle distributions were measured downstream of the rotor only

for the two-lobe distortion screen (Configuration A). As will be discussed,

it was found that there were negligible differences in rotating stall incep-

tion and properties after inception for the two distortion screen configura-

tions. This result justified limiting the completion of these tests to one

screen configuration. Circumferential surveys were made at five radial 1o-

cations for each of four differen... rotor speeds (500, 850, 950 and 1050 rpm).
This range of rotor speeds extends from nearly unloaded (500 rpm) to a loading
beyond the inception point of rotating stall (above 1000 rpm). The measurement
of these swirl angles was accomplished with the hot-film instrumentation

described previously.

The results of the swirl angle surveys are presented in Figures 19(a)

through 19(d) with each figure corresponding to a different rotor speed. Note

that the horizontal reference lines for the swirl angle coordinate do not

correspond to zero values of swirl angle, /3 . and that the reference values

vary from figure to figure. The variable reference values were selected in

order to maintain the same vertical scale ratio for 3,in these figures.
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The swirl angles downstream of the rotor vary with circumferential

location. The largest deviations from the mean value occur just before ro-

tating stall inception (9S0 rpm) and decrease after inception (1050 rpm).

The extremes of the circumf~erential variations in downstream swirl angle areii approximately half of -.hose observed upstream of the rotor and they do not

appear to form a consistent trend which can be associated with the presence

of the distortion screen up-stream of the rotor.

For each radial location at a given rotor speed, circumferential

averages of 4. have been calculated. Since the data only extend between

24 deg 9' 0 168 dog, the full 0 to 180 degree circumferential range required

for computing circumferential averages (the distortion screen is a symmetric

two-lobe pattern) was obtained by assuming a linear variation ~n 13, for the

region where A,,, was not measured. The resulting circumferential average

values of the swirl angle, j,'3, are compared in Figure 20 with similar data

for the isolated rotor (Ref. 1). In Figure 20, two degrees have been added

to the data measured with the screen in place. This has been done in order

to allow direct comparison with the shapes of the radial distributions for the

isolated rotor. Isolated rotor data are not available for a rotor speed of

850 rpm. Thus a direct comparison for this speed cannot be made, However,

the isolated rotor data for rotor speeds of 800 and 900 rpm are shown in the

'.iigUre to provide an indirect comparison. At 105(0 rpm, both the isolated

rotor and the rotor with inlet distortion were undergoing rotating stall,

It is evident from inspection of Figure _20 that the radial distribu-

tions of /,with and without the distortion screen are the same shapes to

within the probable experimental accuracy of the data. In addition, it wouldIappear that the radial distributions of 3,with the screen in place are an
almost constant two degrees less than those observed on the isolated rotor.

In general, the effect of the distortion screen on the flow turning performance

of the rotor is very small. The rotating -tall stability theory in Section III
requires an overall average, ý3S , obtained by integrating the circumferential

averages / in the radial direction. In view of the constant two degree dif-

ferences in the circumfereintial averages, it is sufficiently accurate in this



[ case to assume that the isolated rotor measurements diminished by a constant

two degrees can be used for input to the theory.

It is somewhat moze difficult to compare the loss performance of the
rotor with and without inlet distortion. In principle, such a comparison

requires that the radial distributions of total pressure measured in the

absolute coordinate system (as in Figures 17 and 18) be converted to a co-

ordinate system relative to the rotor and then integrated radially as in

Reference 1. The swirl velocities downstream of the rotor enter into this

integration procedure. However in view of the small constant difference in

the radial distribution of swirl angle, S, , observed between the isolated

L rotor and the rotor with inlet distortion, a valid comparison of rotor loss

performance can be made on the basis of the total pressure measurements made

in the absolute coordinate system. This has been done and the results are
presented in Figure 21.

In Figure 21, the overall total pressure difference across the rotor

is plotted in coefficient form as a function of flow coefficient. Both thle

data for the isolated rotor and for the flows with inlet distortion are shown.

The notation in the figure is as follows:A

rP
- -~ '+

UO.

I where:

*Dynamic pressure corresponding to average axial velocity,(± a

aDynamic pressure corresponding to average velocity relativeI
to the rotor, . u4, +
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*Area Weighted Average of Total Pressure at Rotor Face

(Measured in absolute coordinate system)

aArea Weighted Average of Total Pressure Leaving Rotor

(Measured in absolute coordinate system)

*Area Weighted Average of Axial Velocity upstream of Rotor

*b Area Weighted Average of Rotor Velocity.

The average total pressures were computed by numerically integrating

the measured total pressure data presented in Figures 13, 14, 17 and 18 for

the cases with inlet distortion. These data include the effect of the boundary

layers developed on the hub and outer casing of the annular cascade both up-

stream and downstream of the rotor. The total pressure data for the isolated

rotor (Reference 1) included the wall boundary layF-rs downstream of the rotor

but not upstream of the rotor. Tn Figure 21, these original data for the

isolated rotor were corrected to include the upstream boundary layers by as-I

suming that the dimensionless total pre~sure data measured between the dis-

tortion screen lobes were representative of the upstream boundary layers on

the isolated rotor. This procedure should be fairly accurate since the geometry
of the annular cascade was identical except for the segments of the distortion

screens. Moreover tý'.e data from both screen configurations provided the same

value for the boundary laver correction to the isolated rotor.

It can be seen from figure 21 that the dimensionless total pressure

differences across the rotor are nearly identi.cal for all of the data exceptI ~in the regions where rotating stall is occurring. For ~ipplication of the ro-

tating stall theory, it is only permissible to use the data measured prior

to rotating stall inception. T~hese regions are labelled "no rotating stall"
in Figure 21 and the small differences in the data are within the range of

the probable experimental scatter. Hence it is concluded that prior to ro-

tating stall inception the average loss performance of the rotor with inlet

distortion was essentially the same as that .ound on the isolated rotor.
Moreover, as can be seen in Figure Z1. rotating stall inception occurred at



almost identical values of flow coefficient, 49 on the isolated rotor and

on the rotor with circumferential inlet distortion.

In addition to rotating stall inception points, the numbers of

cells and propagation velocities of rotating stall were measured for both dis-

tortion screens. These data were obtained through the use if two static

pressure taps on the outer casing at the approximate axial location of the
rotor quarter-chord. The two static taps were separated by seven rotor blade
spaces in the circumferential direction. The rotor contains 46 blades; thus

L the circumferential separation, ae , was 54.8 degrees. With the two-lobe

distortion screeci, data were taken for two different screen circumferential

locations with riospect to the static pressure taps. This was done in order

to determine if the location of the pressure sensors relative to the distor-

tion screen has an effect on the detection of rotating stall inception and

its properties after inception. The location of the pressure sensors with

respect to the distortion screen had no detectable effect on the inception or

properties of rotating stall. However, at rotor rpm's well below rotating

stall, the pressure fluctuations due to blade passage were affected by thf,

relatie location of the pressure sensors. A pressure sensor in the wake of
the distortion screen showed larger blade passage pressure fluctuat ions than

a sensor outside of the screen wake. As rotor speed was increased toward
rotating stall inception, the blade passage fluctuations outside of the screen

wake increased more rapidly than those inside the wake until, at inception,

the blade passage pressure fluctuations were approximately equal inside an"

outside of the screen wake. Moreover, rotating stall pressure fluctuations[ were also approximately equal inside and outside of the screen wake.

The measured rotating stall propagation velocities are shown in

Figure 2. for both distortion screens. Previously obtained data (Reference 1)I

for the rotor with no inlet distortion are shown for comparison. Note that

the propagation velocities, Vp are presented in a coordinate system fixed toI
the rotor blades and also that the propagation velocities have been made
dimensionless by the mean inlet swirl velocity, CV,, relative to the rotor.



The absolute rotating stall propagation velocity is related to the

relative velocity by Vpq/V, 1-(Vplvv,,) where V, is the absolute propaga-

tion velocity and WP is the rotor velocity. The horizontal coordinate of

Figure 22 is the overall inlet swirl angle, S,A , relative to the rotor. Th-

value of t,3 was calculated as in Reference l(Equation 10) and assumes that

local deviations in the relative inlet swirl angle due to the presence of the

distortion screens integrate to zero around the annulus. The number of stall

cells are indicated in Figure 22 by the numbers near the data points.

The data presented in Figure 22 show only minor differences in the

inception and properties of rotating stall with and without inlet distortion.

In all cases, rotating stall inception was slightly hysteretic, that is as

rotor rpm was increased ( , increasing) rotating stall occurred at a hi, r

value of rpm than the value at which it disappeared on decreasing the rotor

rpm ( 13, decreasing). With both distortion screen configurations, inception

occurred at the same "alue of ,3, and this value was less than one degree

larger than the value of 13, at inception with no distortion screen. The

numbers of stall cells observed were similar in all cases, with the changeover

from one to two cells occurring at identical values of / With the dis-

tortion screens in place, relative propagation vceocities were slightly higher

than those observed with no distortion but the overall scatter in the data is

larger than the apparent differ-ces ia propagation velocity. In general it

can be stated that the presence of the distortion screens had a negligible

effect on the inception of rotating stall and on its properties after incep-
t ion.

In summary, the comparisons of steady state turning and loss per-

formance and of r)tating stall inception and properties on a rotor with and

without circumfertntial inlet distortion has shown only very small differences

in all quantities The largest difference is a small constant difference in

flow turning performance between the isolated rotor and the rotor with inlet

distortion. The nearly identical steady state turning and loss performance

of the rotor with and without inlet distortion may be fortuitous. However,

given these steady state performance similarities, it is worth noting that
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rotating stall inception and its propei-ies after inception were also similar

with and without inlet distortion. The implications of there results are

discussed in Section III where the experimental results are compared to the-

oretical predictions.

3. Experiments With Rotating Distortion

The final tests performed in there studies of rotating stall were

designed to investigate whether there is a difference in rotating stall in-

ception conditions when a circumferential inlet distortion pattern rotates

at different speeds about the compressor axis. The multi-lobe distortion in-

vestigations mentioned previously (Reference 3 and 4) have suggested that

inception may be sensitive to a dimensionless reduced frequency based upon

the time of passage of a rotor blade through the distortion pattern. If this

is true, it should be possible to observe changes in thL inception point on

a given rotor subjected to a given inlet disoortion pattern which has different

rotational speeds about the compressor axis. The changes will arise because

the passage time of a rotor blade through the lobes of the distortion pattern

will change as the distortion pattern changes speed. Evidence obtained in

chis way would be subject to less ambiguity than that inferred from the multi-

lobe distortion investigations because the circumferentiil extent of the dis-

t3rtion pattern will remain essentially unchanged.

These tests were performed with Rotor Set No. 1 and the two-lobe

distortion screen (Configuration A) sketched in Figure 12(a). The configura-

tion of the annular cascade was the same as that used for the tests with

stationary distortion (Figure 11). The procedure used in these tests was to

hold the rotor speed constant at 1000 rpm wnd study rotating stall inception

at a series of distortion screen rotational speeds. At each distortion screen

speed, inception was incurred by gradually reducing the ma!u flow through rhe

rotor from a high value to a low value.

Several methods for detecting the presence of rotating stall were

investigated. The most informative data were obtained by recording the unsteady

total pressure fluctuations at mid-annulus i.rmmediately upstream of the rotor.
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These records display the distortion screen wakes with the fluctu-
ations due to rotating stall superimposed upon them. It is these total

pressure records which are used in the following presentation.]

The experimental results are presented as a series of Brush Recorder

strips in Figures 23 through 27. Each individual record is composed of two

recorder strips. The upper strip shows the dynamic pressure, or. , measured

in the constant area annulus well upstream of the distortion screen. (Sta-
tion 0 in Figure 11). The mean axial velocity, U0 A through the test section

is proportional to the square root of .The value of q. , at rotating stall

inception in combination with the constant rotor speed (1000 rpm) is suffi-

cient to define the flow coefficient, L? , at inception. The lower strip4

shows the total pressure difference, 6 P7 between two probes, one mounted at

mid-annulus well upstream of the distortion screen (Station 0 in Figure 11)

and one mounted at mid-annulus just upstream of the rotor (Station 1 in

Figure 11). The connection between the pressure tranzducer and the total

pressure probe at Station 1 wa., kept as short as possible to obtain a good

frequency response. The frequency response was not measured but the results

indicate that it was sufficient to display the distortion screen wakes and

fluctuations due to rotating stall.

In each of Figures 23 through 27, the vertical scale factors for

and P, are shown on the right side of the appropriate record strips.

The scale factor for 4. is the same in all records (0.4 to 1.4 inches of

water). Two different scale factors were used for the total pressure dif-

ference, L ., The first experiments, which were performed with the rotor

and screen rotating in opposite directions, used a full scale range front 0 to

-2 inches of water. (Negative values indicate a total pressure drop across

the distortion screen.) In later tests with the rotor and screen rotating in

the same direction, this range was found to be too small. Thus the full

scale range for t. P was changed to 0 to -5 inches of water. This change in

scale should be kept in mind when inspecting theA APr records. In all cases,

time is increasing from left to right and its magnitude is given between theI

and A P, record strips. Changes in tiMe Stale during a record are also

i.nd i cate d.



r The first sec of records, shown in Figure 23, illustrate rotating

stall inception with the distortion screen stationary. These records cor-

respond to the test conditions used in the stationary distortion screen ex-

periments describedI in Section II-C-2. The measurements made during the sta-

detetio tehniueswhich have been proven in past studies. Thus it is of

interest to compare results obtained from Figure 23 with the results of the

stationary distortion screen experiments. This is done in the followin'g dis-

cussion.

Figure 23(Ca) was obtained with the downstream total pressure probe

(Station 1) in the free-stream area between the two distortion screen lobes.

Figure 23(b) was obtained with the same ~.otal pressure probe in the wake of

one of the distortion screen lobes. The prcsence of rotating stall is obvi-

drop in the distortion screen wake prior to rotating stall inception can be

seen on the far left side of Figure 23(b). The flow coefficient CP definer1

in Section II-A-2 can be calculated from the rotor speed and the value of q
atinception. These calculated values of c4 are 0.509 and 0.496 for Figures

2(a) and 23(b) respectively. These values compare well with che stationary

~~st~ioThe expanded time portions of the 6 P records on the right side of

Figure 23 show that with stationary distortion rotating stall is highly regu-

lar with a frequency of 8 Hz. This corresponds to one stall cell movin~g at4

an absolute propagation velocity of 48 percent of the rotor speed or a rela-

tive velocity of 52 percent of the rotor speed. The relative value falls

within the range of values observ~d in the earlier tests with stationary dis-

tortion. (Figure 22, Configuration A). The main difference between the total

pressure records in Figures 23(a) and 23(b) is that the distortion screta&

wake is evident both before and after rotating stall inception in Figure 23(b).
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In view of the good agreeme, between the results for rotating stall

inception inferred from the data presented in Figure 23 and the results ob-

tained in the more comprehensive measurements presented in Section II-A-2 for

stationary distortion, it is "oncluded that the technique used to generate

Figure 23 can be used to study the effect of rotating distortion on inception

of rotating stall. The results obtained with rotating distortion are pre-

sented in the following paragraphs.

Figure 24 presents a series of Brush record strips taken with the

distortion screen rotating in the direction opposite that of the rotor.

Parts a, b and c of Figure 24 show the results obtained at three different

rotational speeds ,f the distortion screen. The full series of tests covered

the range of screen rpn's between 0 and -1000 in increments of 100 rpm. As

with the stationery screen, inception of rotating stall is obvious in both

the 6Pr Lid the q. record strips.

The left side of Figure 23 shows conditions prior to inception.

The A Pr records indicate that the magnitude of the defect in the wakes of the

rotating screen increased with increasing screen rpm. This effect will be

illustratd more clearly in later figures where the average value of 4. was

held 7onstant. In this figure q. was varied in order to induce inception.

The q, records prior to rotnting stall also show fluctuations at the passage

frequency of the distortion screen lobes. This indicates that the screen

generated disturbances extend well upstream of the rotating screen. The mag-

nituuc of these q. fluctuations are probably larger than those in the record

strips since the q. transducer was connected to the upstream total and static

pressure probes by long tubing. For the purpose of these experiments, only"

I., the time average velue of q. is required at rotating stall inception. This

was obtained by numerically averaging the fluctuating j. records at inception.

Inspection of the expanded time scale records on the right of

Figure 24 suggests that rotating stall is almost completely independent of

the distortion screen disturbances. This is particularly apparent at the

two lower screen rl 's where the .P. signals from rotating stall are eas:.3I



distinguishable from the screer wnkes because the stall signals are substan-

tially larger than the wake •igna>:.. 'he rntating stall signal's show the

same characteristics as those o•btaine' with the stationary screen (Figure 23).

The screen wake signals are simple superimposed on the rotating stall signals.

Moreover, the fluctuating , recnr-a show that the stall frequenc/ is nearly

independent of screen rpm. Thi; frequency decreased a very small amount with
increased screen rpm, fro:m S H; at 0 screen rpm (0 Hz) to 5.8 Hz at -800 screen

rpm (26.7 Hz).

Inspection of thc inlet dyna-mic pressure, q, , records at rotating

sta.l inception shows that as negative screen rotation increased, the average

va~ue of 4 , and hence the average flow coefficient • , increased by a small

amount. The quantitative effect of screen rotation on the average flow co-

efficient at inception will be presented shortly along with results obtained

w:th positive screen rotation. At this point it is sufficient to note that

the rotating stall incepti.) .nj s defi-.ed bY 4. and also the frequencies

of rotating stall after incept:in were almost independent of distortion

screen rotation in a d'rect.-n op-.os'"e that i1f the rotor.

Sample records obtai-•d --ith the distortion screen rotating in the

same direction as the rotor are shown in Figare .S. Note that the ^ P, records

a different full scaoe range than those shown in Figure :4. As with the

negative screen rotation, tie full series of tests covered the complete range

of screen rpir.'s between , and 1000 in increments of 100 rpm. Additional re-

sults were recordei at SO and 556 -pm on the screen because of some interest-

ing features in thc Jvera.i rc.,ulrs.

Pr:or to incept1i -f r:tat ing stall, the f. and ,IP. records in

;:igure 25 show screen generaz,-' fluctuations similar to those observed at

negative screen rotations. however the average value of q. at inception

varies considerably with positive screen rotation. The complete set of

records taken with positive screen rotation showed that there is a large peak

in the inception values of , r:,is peak is centered about a screen speed
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of approximately 550 rpm. At lower and higher screen speeds the inception

values of % decrease. This result is different from that obtained with

negative screen rotational speeds where the value of q*at inception was
almost independent of screen speed.

After stall inception, theaP, records display a variable behavior.

jA low screen speeds (Figure 25(a)) the rotating screen wakes appear to inter-

faedestructively with rotating stall, limiting the occurrence of large

amplitude stall to intermittent intervals in time. This destructive inter-

ference appeared to reach a maximum at a screen speed of approximately
300 rpm (Not shown). At screen rotational speeds near 500 rpm, (Figure 25(b))

the screen generated disturbances become nearly in phase with rotating stall

and appear to reinforce the occurrence of rotating stall. The stall frequency

under these conditions appears to double, corresponding to a two cell ro-

tating stall pattern appropriate to the two lobe rotating distortion screen.

At screen speeds well above 500 rpm, destructive interference begins to occur

again (Figure 25(c)).

The screen speeds at which rotating stall is reinforced correspond

to the peak values of measured at inception while the destructive inter-

of destructive interference, it is possible to distinguish the occurrence of

a smuall amplitude and a large amplitude rotating stall at different values of

O.-with the small amplitude inception occurring at higher values ofq.

These inception points have be-en labeled in Figure 25 in cases where tý,ey are

distinguishable. It is worth noting that the results obtained with negative

screen rotation (Figure 24) showed only larg-- amplitude stall inceptiun,

while the stationary screen (Figure 23) showed small amplitude inception which

rapidiy changed to large amplitude without a change in

In sumary, the results presented in Figure 24 and .23 for negative

and positive values of distortion screen rotational speeds suggest that ro-

tating stall displays an effect similar to resonance with the maximum effect
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L centered at a screen speed of approximately 550 rpm (55 percent oi the rotor

speed). In a rotor fixed coordinate system this corresponds to a speed ratio

of 0.45 which agrees very well with the natural rotating stall propagation

speeds observed on the isolated rotor and on the rotor with stationary dis-
tortion Configuration A (See Figure 22).

Some additional records which display the similarity to resonance

are shown in Figures 26 and 27. In these figures the average inlet dynamic

pressure was held constant at one inch of water and a series of records were

obtained for fine increments in screen rotational speed. Rotor speed was

held constant at 1000 rpm. The result is somewhat similar to inspecting the

amplitude versus frequency response of a forced resonant system while holding

the forcing amplitude nearly constant. The correspondence is not exact sinci*

the forcing function amplitude, a PT , increased with increasing screen speed

Fand the response depends on the constant value of q.. selected. In this case,

was selected to be above the value required for rotating stall inception

except in the region of the resonant peak.

The records obtained with negative screen speeds are shown in

Figure 26. Rotating stall was not occurring in any of these records. The

main feature to be observed is the increase in amplitude of the total pres-

sure defect, LPR1  as screen speed is increased. This occurred even though

the value of 0.. was held constant. It is believed to be a result of increas-

ing swirl angle relative to the screen as the screen speed is increased. The

screen is composed of flat plates with holes drilled through them to attain

the required porosity. In this type of structure, changing the flow angle

F from a direction normal to its face results in increased losses due to

changes in leading edge separation on the holes. The effect should be inde-

F pendent of the direction of rotation. Similar results have been observed on

honey comb structures. In any event, as noted previously the increase in

LP, amplitude with negative screen speed did not have much influence on ro-

tating stall inception or on its properties after inception.

36



I
The records obtained with positive screen rotational speeds are J

shown in Figure 27. At screen rpm's of 300 and less (Figures 27(a), (b) and

(c)) rotating stall did not occur while at 400 rpm there is evidence of an

occasional small amplitude rotating stall in the 4Pr record (Figure 27(d)).

At 500 and 550 rpm (Figures 27(e) and (f)), large amplitude rotating stall

occurs regularly and is nearly in phase with the screen generated disturbances.

At rotational speeds above 550 rpm, rotating stall beccwss "ntermittent and

of smaller amplitude until at 800 rpm, detectable rotating stall has disap-

peared. In the absence of rotating stall, the screen generated disturbances

in aPt increase with screen speed in approximately the same fashion as ob-

served with negative screen speeds (Note the change in full scale range of

thoAPr records between Figures 26 and 27.) At high positive screen speeds,

the expanded time records for Pr display a change in shape but no significant
changes in amplitude. These changes may be due to an interaction between

the distortion and the rotor as the distortion speed approaches the rotor

speed. However, they are definloly not evidence of large amplitude rotating

stall and are not believed to be evidence of small amplitude rotating stall.

As noted previously, quantitative values for the average flow coef-

ficient, C , at rotating stall inception can be calculated from the average

Svalue of at inception. This has been done for all of the records. The

results are shown in Figure 28 plotted as a function of distortion screen rpmi divided by the rotor rpm. When presented in this way, the resulting curve

is similar to that of a damped harmonic oscillator with its fundamental fre-

quency occurring at a screen/rotor velocity ratio of about 0.55. There are
no data available to define the peak of the resonant curve because the max-

imum flow coefficient attainable in the annular cascade was reached before

rotating stall disappeared in this region. The maximum attainable value of

i? is shown as a leavy dashed line in Figure 28. Points A and B in the peak

region were obtained at the maximum attainable ý rather than at inception.

The corresponding notes for A and B are included to describe the rotating

stall characteristics at this maximum value of S . The data presented in

Figures 26 and 27 for constant average q, correspond to A constant average

flow coefficient, • , of 0.586 in Figure 28. Thus Figures 27(e), (f) and (g)
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display large amplitude rotating stall at screen/rotor velocity ratios of

0.5, 0.S5, and 0.6 respectively, while Figures 27(d) and (h) display small

amplitude rotating stall for screen/rotor velocity ratios of 0.4 and 0.7

respectively.

In previous experiments, tne propagation velocities of rotating

stall on the isolated rotor and on the rotor with stationary inlet distortion

were measured. The results obtained for these naturally occurring rotating

stalls have been presented in Figure 22 for a frame of referen':e fixed to the

rotor. The range of these natural stall pzopagation speeds are shown in

Figure 28 in the stationary coordinate system appropriate to this figure.

Note that the peak in the rotating stall inception curve occurs at screen/

rotor speed ratios which agree almost exactly with the natural rotating stall

propagation speed.

The general characteristics for the rotating stall inception data

shown in Figure 28 agree with the observations made previously regarding the

characteristics of rotating stall when it does occur. These may be summaxized

as follows. At negative and zero screen/rotor velocity ratios, rotating stall

amplitude and frequercy are almost completely independent of screen velocity.

At low posi'tive screen/rotor velocity ratios there is destructive interference

between the distortion and the rotating stall. Rotating stall becomes inter-

mittent and occurs as a small amplitude stall followed by a larger amplitude

stall at a lower value of • . The maximum destructive interference was ob-

se-ted with a sbreen/rotor velocity ratio of 0.3. The sami value shows the

maximum delay in inception of large amplitude rotating stall (lowest vali n

of • ). Near the peak of the inception curve, rotating stall becomes large

in amplitude and approximately in phase with the distortion screen wakes.

Moreover the rotating stall frequency doubles frum its previous nearly constant

value. This indicates that the number of stall cells has changed from ont

to two in correspondence with the number of lubes on the distortion screen.

At screen/rotor velocity ratios larger than the value at the peaks uf the in-

ception curve, rotating stall again becomes intermittent and the amplitude

decreases. Here again, large amplitude rotating stall is preceded by bmall
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amplitude rotating stall and the flow coefficient at inception decreases

with increasing distortion screen speed.

The above observations on destructive interference and reinforce-

ment and the resonant-like peak response of the inception curve contradict

the hypothesis that there is a minimum time required to stall the rotor

blades, and thus that the time required for a rotor blade to pass through a

distortion cell will have a significant influence on rotating stall. If

the hypothesis were valid, rotating stall inception would occur at increasingly

larger values of flow coefficient as the screen speed approached the rotor

speed. Instead the data show a decrease in flow coefficient near a screen!

rotor speed ratio of one. Moreover, the destructive interference observed

in the data cannot be reconciled with the time to stall hypothesis.

In many ways the results obtained in the rotating distortion ex-

periments are similar to the results observed in the dampinig experiments of

Reference 1. In those experiments a distuibance was generated by rotating

a small flat plate about a radial axis. The plate was situated between two

of the blades in a stator row. It was found that rotating stall is almost

completely independ3nt of the disturbance excitation frequency unless the

disturbance frequency and the frequency of naturally occurring rotating stall

were closely matched. A small amount of destruactive interference between
the forcing disturbance and rotating stall was also observed at disturbance

generator frequencies removed from the natural rotating stall frequency.

Thus both the previous damping experiments and the current rotating

distortion experiments suggest that the response of a blade row to circum-

ferential distortion and the occurrence of rotating stall on that blade row

are uncoupled phenomena except under conditions where the disturbance velocity
approaches the propagation speed of naturally occurring rotating stall.

This matching of distortion and stall propagations speeds is not likely to

be attained in a typical compressor since the distortion is usually stationary

while rotating stall propagates at some fraction of the rotor speed. The

observed dependence of stall inception on the extent of stationary distortion
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coils (References 3 and 4) would appear to be a result of phenomena otherJ ]
than the time to stall argument (Reference S). The dependence may be due to

the effects of a downstream diffuser such as studied in Reference 6.

E. CONCLUDING REMARKS

The results of two separate experimental investigations of rotating

stall have been presented in Section II. In the first investigation,

Section II-B, the experiments were designed to investigate whether inter-

ference between a rotor and a stator has an effect on the conditions for

inception of rotating stall. The rotor row and the stator row Used in these

experiments had previously been tested in isolation so that the conditions

under _tich the individual blade rows undergo inception were known. Thus the

presence of interference effects between the two rows when combined to form

a compressor stage could be determined by comparison with the individual blade

row performances. In the second investigation, Section II-C, the effects of

circumferential inlet distortion on the inception and properties of rotating

stall on a rotor were studied. These tests were performed both with the dis-

tortion pattern stationary in the laboratory frame of reference and with the

distortion pattern rotating about the compressor axis at various speeds.

The rotating distortion experiments were undertaken to determine if the time

of passage of a rotor blade through a distortion cell has an influence on the

inception of rotating stall. As with the blade row interference studies, the

rotor used in these tests had been tested previously 1.i isolation so that the
conditions which cause rotating stall on the rotor with uniform inflow were

available for comparison.

In all of the rotor-stator interference experiments of Section Il-B,

the inlet flow conditions relative to each blade row were such that in the

absence of interference, rotating stall would occur first on thei rotor.

These studies were performed at a fixed setting of the rotor blade staggev

angle, but with four different settings of the stator blade stagger angle.

The combined results showed an increasingly larger delay in rotating stall
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I inception in comparison to the isolated rotor as the stator stagger angle was
increased, that is as the stator row was unloaded. Thus it is concluded that

rotor-stator interference does have an effect on rotating stall inception and

that the magnitude of the effect depends on the load ing of the blade row which

would be unstalled in the absence of interference. The results of these ex-

periments are compared with the predictions of two-blade row rotating stall

theory in Section MI.

The studies of rotating stall on a rotor in the presence of sta-

tionary circumferential inlet distor-ion, Section II-C-2, used two symmetric

multi-lobe distortion screens. Each screen covered the same total area but

one consisted of two lobes and one consisted of four lobes. The screens

produced square wave circumferential inlet distortion patterns with a total

pressure drop of approximately 1.1 times the dynamic pressure far upstream.

Comparison of the steady state turning and loss performance of the rotor

with and without inlet distortion showed only very small differences in these

performances. The largest difference was a small constant difference in4

f low turning performance between the isolated rotor and the rotor with inlet
distortion. Similar comparison3 of rotating stall inception conditions and

of thenumbers of cells and propagation velocities after inception showed

negligible differences between the distorted and undistorted flow results.
Rotating stall inception and its properties after inception appeared to be

almost completely independent of the presence of stationary inlet distortion.

The studies of rotating stall in the presence of rotating inlet

distortion, Section II-C-3, were performed with the two-lobe distortion

screen from the preceding tests. In these tests the distortion screen was

rotated about the compressor axis at various angular velocities, both in the

direction of the rotor velocity and in a direction opposite that of the rotor

velocity. The maximum screen rpm in both directions was equal to the mag-
j nitude of the rotor rpm. For zero and negative screen rpm's (screen rotating

in a direction opposite that of the rotor), rotating stall inception and its

properties after inception appeared to be almost completely independen~t of
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the presence of inlet distortion. However the results obtained with positive

screen rpm were greatly dependent on screen rotation. When the screen was

rotated at a velocity near that of the propagation speed Of rotating stall

on the isolated rotor, inception occurred considerably earlier and rotating

stall appeared to occur in phase with the distortion screen disturbances.

At screen speeds other than that corresponding to the natural stall propaga-

tion speed, rotating stall inception was delayed relative to the in-phase

value. When the compressor flow coefficient at inception is plotted as a

function of screen/rotor speed ratio, the resulting curve is similar in shape

to the amplitude versus frequency curve of a damped harmonic oscillator with

its resonant frequency at the natural propagation speed of rotating stall.

The overall results of the studies with stationary and rotating

inlet distortion suggest that rotating stall inception is significantly in-

fluenced by circumferential inlet distortion only when the distortion dis-

turbances are nearly in phase with the rotating stall which would occur

naturally on the same rotor. This matching of distortion and rotating stall

is not likely to occur in a typical compressor with stationary inlet dis-

tortion. Experiments which display a dependence of stall inception conditions

on the circumferential extent of stationary distortion require an explanation

other than the hypothesis that rotating stall depends on the rotor blade pas-

sage time through a distortion cell. Such dependence may be a direct result

of the geometry of the distortion pattern in combination with the presence of

a diffuser downstream of the compressor (Reference 6). In the current studies,

diffuser effects were minimized by extending the constant area annulus far

downstream of the rotor and terminating the constant area annulus with an

annular honeycomb structure.

In addition to the results discussed above, the experimental in-

vestigations provided qualitative and quantitative data which are valuable

for guidance of the theoretical development and for assessing the success

of the theoretical predictions by comparison with experimental results. (See

Section 111).
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SECTION III

THEORETICAL ROTATING STALL RESEARCH

A. INTRODUCTION

The primary questions that have been addressed by the theoretical

studies are the effects of distortion, close coupling of blade rows and

compressibility on the inception conditions for rotating stall. The previous

program at Calspan (reported in Reference 1) showed that a two-dimensional

small disturbance stability theory was capable of adequately predicting
inception conditions for isolated blade rows of high hub-to-tip ratio in low

speed flows. Consequently, the major portion of effort during tde present

program was concerned with extending this theory to include the above mentioned

effects. In addition, the development of a three dimensional rotating stall

theory was initiated and its present state of development is reported here.

The analysis of distortion has been treated by an extension of the

small disturbance stability theory given in Reference 1. This strictly limitsI considerations to small distortions of the mean flow, but proves adequate to
explain the qualitative trends found in the experiments reported in Section 11

where the distortion was not small. The distortion analysis is presented in

Section I11-B.

The two-dimensional stability theory had been formulated for a two

blade row configuration in Reference 1. A\ limited am~ount of correlation of the[ ~two blade row theory was also given there but the spacing between blade rob's

for the configurations analyzed was eviden'ily so large that no significant

effects of spacing on rotating stall inception were found. The primary effect

found for those configurations was that the blade row spacing determined the

number of stall cells that occurred at inception, but the relative swirl angle
for inception was essentially unaltered from the isolated blade row case. TheI
results of the present study of closely coupled blade rows drastically alter

this second conclusion. The present results indicate that for a normal type of
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has also been extended to consider the case for wholly subsonic flow external

to the blade row. The extension proves to be straightforw~ard and does not turn

up any new mechanisms that influence the onset of rotating stall. Namely, the

slope of the loss curve as a function of inlet swirl is still the dominant blade

row characteristic that influences the stability of a given flow configuration.

As such, the theory is expected to give an adequate prediction of the rotating

stall boundary provided that the appropriate loss characteristics of the

blade row in compressible flow are available. This analysis is presented in

Section III-D.

Although a two dimensional theory has proved adequate to describe the

rozating stall phenomena that have been observed in the Caispan/Air Force Annular

Cascde aciity(a low speed test rig of high hub-to-tip ratio) there are

mn-.- practical configurations where this situation does not obtain. In particular,
the first stages of many actual jet engine compressors are of relatively low

hub-to-tip ratio where three dimensional effects may be important. For this

reason, the development of a three dimensional stability theory was initiated

under the present pro'gram. The overall format of .-he theory will be the same
as i th twodimnsioal ase in that the stability of a basic mean flowt

unsteady perturbations will be studied. The first task in developing such a

theory is to obtain a realistic but tractable representation for the mean

steady three dimensional flow through a blade row such that the perturbation

analysis does not become so complex as to obscure the physics of the flow

process. A simplified actuator-disc model has been developed as a viable

candidate for this required mean flow representation. The model is not limited

to small turning through the blade row and uses two-dimensional blade row loss

and turnin~g performance (such as would be available from conventional cascade
tests) ia a strip theory fashion. This analysis for three dimensional flow is

presented in Section II-E.
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B. EFFECTS OF INLET DISTORTION

The analysis of inlet distortion has been made within the framework

of a two-dimensional incompressible flow model. It was shown in Reference 1

that this type of analysis was adequate for high hub-to-tip ratio configurations.

Strictly interpreted, the two-dimensional assumption restricts the analysis to

consideration of distortion patterns that have only circumferential variation.

However, it was found in Reference I that some radial variations in flow

quantities can be handled by using appropriate radial averages. Presumably,

this would also be true for the distortion problem.

The flow model employed is similar to that used in the small disturbance

stability theory of Reference 1. We briefly restate the basic assumptions that

are inherent in this type of modeling:

1. The flow is incompressible (low speed)

2. The blade row has high hub-to-tip ratio

3. The annular area is constant

4. The flow disturbances have wave lengths in the circumferential

direction ( Y-direction) which are large compared to either the

blade spacing or :hord.

S. The local performance of the blade row is only a function of the
local inlet swirl and dynamic pressure and may be obtained in a

quasi-steady fashion from the steady state performance data.

Assumption 4 in conjunction with 5 implies that the admissible dis-

turbances have a low reduced frequency based upon thq velocity relative to the

blade and the blade chord length. This is consistent with our pre~ious results.

It has been suggested that the phenomenon of "stall delay" is im-

portant to the fashion in which inlet distortion influences the stall boundary

of a compressor stage. In reality, this is the same phenomenon that was referred
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to as a boundary layer lag time for separation in the early rotating stall

works. The basic idea is that when an airfoil (or blade row) has its angle
of attack (inlet swirl) suddenly increased to a condition where the airfoil

would normally be stalled then the boundary layer does not respond immediately

to t!'c new conditions but requires some time to adjust. During this adjustment

period. the airfoil, (blade row) may exceed its normal steady state performance

limits. It was found in Reference I that the occurrence of this phenomenon

was not essential to the development of a rotating 3tall; consequently, it has

not been considered in the ensuing analysis of distortion.

In addition to the previously mentioned restrictions on the

flow model, the following analysis will be limited to tile case where the

distortion is a small perturbation on the mean steady flow. It was found

necessary to limit the theory in this respect in order to obtain analytical

results. Moreover, the use of this assumption and the theory of linear systems

would allow us to immediately state the results; however, since thle linearize~dI
theory adequately explains many of the experimental observations given in

Se tion -c, the formal development will be presented in detail.

The flow through an isolated blade row in incompressible flow is

considered. A finite thickness two-dimensional actuator as shown in Figure 29

is used to model the blade row. Also, an arbitrary, but prescribed, distortion

in total pressure and/or velocity is indicaited ahead of the blade row. Sub-

scripts o's indicate quantities in a blade fixed .zoordinate system. Thle trans-

formation betwc:!n blade fixed coordinates and the laboratory fixed system is
given by:

*e x

where W is the blade velocity in the laboratory fixed system. The conditlons

upstream of the blade row are denoted by a subscript 1 while conditions downstream

of the blade row ar2. denoted by a subscript .2. The mean flows upstream and

downstream of the blade row are uniform but of different swirl angles. The
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mean absolute swir-l in each flow region is denoted by 3, and is equal to

Wil/0, . The blade row is moving with an absolute .'elocity Lb, and the non-

dimensional blade velocity is given by v -•b/lU,. The relativ- swirl with

respect to the blade row is denoted by A, and is g'.ven by 1S ' -

The total flow quantities which are denoted by a hat are decomposed in steady

and unsteady parts as:

A

U LJ U +~ (x t)

where H is the total pressure.

It is assumed that the steady s'ate performance of the blade row

is known in the following form:

The turning performance of the '-ade row is -..en by

and the losses through the blade row are giver. ,v

, 0, 0

where X - , is known.

By the quasi-steady assumption, the .nstanta'-eou- vaues -.7
A: 4 in ansteady flow are obtained inrut~ n the required

values of 6, U, , and W,, in the abov;e functions. We assume tn.t the

distortion wave does not alter the mean part of these quasi-steady relations.

In the actual use of tN'esc relations, they will he linear::e" about their

steady state values.

We start by considerii:; the distortion pattern. Clear!:', the

distortion pattern must satisfy the equatio-% of motto.. Since tle fltý I

incompressible, the distortion pattern may be descrihed t- a stream funct.ion



which is related to the velocity components by Li * / and

W- - 2jr/;X The equation for the stream function is

0
it iv x --- 0y

where VV. - o v and is the vorticity. We should note that Equation I is not

limited to small disturbances, and applies to a general rotational unsteady

flow. Now we are interested in solutions of Equation (1) that represent wave

like patterns superimposed on a uniformly swirled steady mainstream. That is,

we ceek solutions of the form

T st two terms represent the mean flow with swirl - and the

ý.ec... two terms correspond to unsteady waves of arbitrary amplitude oL and

i respectively. The a. b, c, J, a and n are complex constants. Now it may

be verified by sabstitution that Equation (1, has solutions if the desired

form provided that the following conditions hold:

I

u.+ € *0 - 0

Condition; '3 and '4 indicate :".'at the *aves are Convected u, the

mean flow direction. Since these conditrons do not -. nolve the wave implxt:-de,

m and ,• , we arr'-.ve at the very naportant conciuson that with regard to

solutifon forms f tie ty.-e .: the -, acts as 3 :.near .'stem. :t is not

demonstrated hw.t, hut these ty-pes of re~atzons generz:e:: to an ar';itrar.,

number of waves ý, per:-mposed )n the mean foei. 4oreover. .: may `e shoun

that waves which are different naraonzcs of the same fundamental frequenc,-

satisfy Equation 135- 1.: should also be noted that tne disturhance strean

functions employed .n Reference i are of the form considered here.



These results have the following significance for the present analysis.

1) The analysis is limited to small distort•ion because the blade

row performance is linearized about its mean value not because

of the type of velocity perturbations considered.

i 2) The usual methods of Fourier analysis may be used to build up an

S~arbitrary distortion wave ahead of "he blade row. In the

= following work, we will consider a single arbitrary Fourier

component of distortion ahead of the bladle row.

!3) The usual method of studying the stability of a flow is to

S~perturb the flob with a small periodic disturbance and determine

i under what conditions the disturbance is damped or amplified.

S~When the basic flow is time dependent as in the present case.

this type of analysis can become quite complicated. H4owever,

since the perturbations to be considered are of the samae form as

the basic Fourier component of the distortion wave aLJ we have

Just shown that they do not interact, and since the blade row

(actuator) performance is lineari:•d Pt-ut its mean ýerform.ancf

point, we may formally split the problem into tw'o parts. 11-e

first part turns out to bethe stab~ili.," analys•s )f the -rean

flow without the distortion wave' This is precise!.. th, P>ro:.er.

considered in Reference 1. The second -art •.if .'Pe r~roý-,em

the response of the blade row to the distortion .ave. :e

the first part ot the proble• is ,adequate.., treited n e.-,:i ":

we; will Concentrate )•n the recant! par! in t.he .'•l ,: •r .

S~Of course. the sam~e spl't up of T-iv problesm cin Ke aczomr.- :lre•

i by a formal lineari:•tlon procedure uhereby we would :ons:Oct
i ~~he stabilit.* of small periodic Jis.trbances superi-rposet ;! '

a sall distortion *ave. Ho~sexer. the present lzsco-wer-cs

- the relative orders of tma .'nes% of these 4iszu~ancrei.

- - -_ ~ I-
S. . . ..



In the following analysis, we will consider the response of the blade

row to a distortion wave. It suffices to consider the velocities associated

with a distortion wave since if they are known, the definition of total

pressure may be used to calculate the corresponding total pressure variation

of the wave. The distortion problm has many similarities to the stability

problem considered in Reference I. Namely, the solutions for the disturbance

velocities upstream and downstream of the blade row are of the same general

form and contain three undetermined constants. These constants are determined

by applying the same matching conditions across the blade row. The notation

of Reference 1 will be followed as closely as possible.

It is sufficient to consider the response of the blade row to a

single, arbitrary. Fourier component of an upstream distortion wave. The

perturbation stream function in each flow region is readily a.ailable from

the work of Reference I as

r r e e ee (6)j
where the , , , are onstants in each flow region , and the sub-

the distortion is e4,ivalent to specifying and since the system is linear

and is being forced a" a -re;•ri.+ec fre4uen.... the response will occur onl%

at this prescr.bed frequenct. Hence. we need on~v consider the single Fourier

zomponent in each flow regai,.. that 1.:rrespoonis t.o this forced frequency.

Since the Fourier componert f "hNe isitoriir;. :s ipec-fied. then _ :s also

specified as oppuse- to :e:-.. a frtv- parameter t;. e sthbillt', analls:•.

Furthermore, ! mi'l, be all: rea.. t2heru;se the speclied iistort~on lave

would grow or die out exponee" a461-y with tiwme. Then. the overall problem will

t~eto solve for the response - t ne for ,a specifed
input. . and deterux~e;ndt:• for th•e response t,o %ec3• unoned

TMw rintng bomn&ry coe•ndtios an-* watchdu g conditio•s will be

thos used in thie analysis of Reference ;.6 In the foliouing analysis. the

sultscript for Fourier czm-nert nhber -i. te dropped-. 1he nz adto, Df

boundedniess at upstrem jaii ;nat~a ~finit. requires A* *o ~ e
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assuming that the distortion, i.e., D, , is prescribed, the analysis on pp.

46-53 of Reference 1 can be extended to include the D, terms. Again, three

equations are required to determine 8, RA and D. in terms of D, . The

same three matching conditions; namely, mass flow conservation, vorticity com-

patibility, and the flow deflection relation, are used. With these, the

homogeneous system of equations in the stability theory, Equation (26) of

Reference 1, is replaced by the corresponding inhomogeneous system of equa-

tions of inlet distortion response theory; namely,

j_ Ail
S-e e 1BD/, - A

I [[_
L a( ) ,)+

where

Z, (,÷•,) [0 (, ,J) ,+.X1

I=- + J, J.,/,

AU.Cr

r"

Eilu&IPion 2,of -keferen,ýr " Nn',~ i&a- !,-".r"p. •hi.A; e-r-r-; T•e "-. SIC*

in Reference shoi read

Q -

4 A-t--* - .
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Equation (7) is a system of three simultaneous linear equations in

B,1D, P, /DI, and D,/0D, The solutions are

,1 D, - • ,(9)
Ii

I7
PR / D, . (10)

where the determinants are

A 4 -1-•
CLO, t , j ,) A) C G j e i 4 > Jt 2,

QIQ- - e - e

~XO A'I(IF

.- ,q -- ,C
2 t 13)•J •~i

AC i.(, -, )[( . A - '12

-) - ,AU^ ' <)-L, .•(X-v , X-,,-X)A'" )W2

a (I ad a AA

~ 1 A' ~9t,- j ,e zX-)

The determinant . can be exp•anded iut and ur~tten in the forn

,0' - k2 - ", ,J

"where R . P . : ^, ,, '- X -J. X . a J. .-) -

aJ, • J.:" .• < *.• • - N - " d • - a -J . , - -• ,' J. X I

id t •i'l ,i,•" l............. : i - -- iil 7.................. ii ... ,-.. .. ..



Now examining these results, it can be concluded that ,, and Az

? ~~will be finite unless, o• .0 From Equation 16 this can only occur if -,÷•

i/' !or A•A, .The first case is impossible since, as noted previously, C is
completely real for specified inlet distortion. The second case would require

S~(19a)

S~crSand R . P (NO) - A - -(19b)

But, the condition described by Equation (19a) can only occur if the inlet

conditions to the blade row are such that the blade row is on the rotating

stall boundary with no distortion pLesent and Equation (19b) requires that

the prescribed distortion have the propagation speed for the self excited

rotating stall wave. Hence, we find that the distortion will have no effect

on the flow unless the undistorted flow conditions would produce rotating stall

and the distortion has a Fourier component corresponding to a natural rotating

stall wave under those conditions. In effect. the sys-em is then in resonance,

that is, we are then forcing a linear system at Its natural frequency. of

course, in the ;'~;zyof resonance. we expect the velocity perturbations to j

become so large that the linearization is no longer valid. In this region,

the nonlinearities willtake over to Limit the Amplitudes of" the mot;on. then.

based upon the I~near analysis, we expect that distortion wiall not af'fect. "he

rotating stall boundary jnless the blade row is near sta.'1 An,' "te -li_•* )'" .n

has a Fourier zoaponent ishih would ,orrespond to the natural rotati:ng st:a'

wode of the blade row. Couparisan with t.he res,&,"s )f '.ýe e?-..-r:",ents .''

rotating distortion screen :see Figure .9 s:--o t.iat this is ttie :ase

S~~would result in a sizilar zonciasiun for more :a-wplek "lco% $1'alrs'.1:!1 as

|=. multiple blade rows and %ariable arinulus area t~el ma .'.t te ,s,_r.-) .. r, ti

S•woud .not affect %he s-tall line -An~ess ".!e Jistorti-, ;-ut "ne si-s'c n.

resonane- That is. once th•e linear.:e-d st~~t.:on•,as .neen.=..r•-:€.

d•t&tM$ for that - se. th •diiro 1sa-ia Zt-tf-% t%

fashon ww ereuil' in#- esut i 4nt-%U,-4u4 &A-e r-% espo-s



distortion wave has a Fourier componertt corTresponding to the natural rotating I
stall mode for that particular case.

It should be reemphasized that the foregoing analysis and conclusions

assumed that the distortion wave did not influence the mean steady performance

of the blade row and the blade row performance was linearized about its mean

steady operating point. Some effort was spent upon trying to remove this

assumption from the analysis and thus arrive at a nonlinear stability theory.

Unfortunately, this type of analysis cannot proceed very far without resulting

in the requirement for numerical solutions. The analysis, however, did reveal

the following points which aid in the understanding of how distortion affects

the stability of the flow.

1. For nonlinear blade row performance we cannot formally split the

problem into two parts, i.e., the stabilit! and response problems

cannot be treated separately.

2. In tne nonlinear case the response of the actuator contains all

the Fourier components in the upstream and downstream disturbance

velocities. This results in the distortion wave interacting with

the blade row to produce a perturbation of the netn steady swirl

u•;tream and downstreax if the blade row. This perturbation

dies out exponentially with distance from the blade row; but in

effect, results in the blade row seeing a d-iferent nean inlet

simirl and producing different mean performance cur-es for the

tlade ro% "n :"he real' nunl;near zate ther.. eaý %ndividua:

distortian wave will produce -et mean flow .onditaons for the

blade riow ahi:h arv dependent upon the type of distortion being

Cons ,lered

ý)n t!e b Ast* tif the~~ea antaiysis pertforsed. wme wore ;,able to

4r-a. an goneral Conacluionas abou.t the tnteractio- •f the Aistortio re 1ave 48bd

te Jmo ean flow. but on thew basis 4f t.%e *zpoteraietai results ZIT would4 appear

"-tat vest effects are u.. •rot!rt noar rws4aaxce

S.4
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C. THEORY FOR CLOSELY-COUPLES BLADE ROWS

In a typical compressor stage, the spacing between blade rows is less

than a chord length. The effect of this close spacing has been investigated

experimentally in the annular cascade facility using a stage consisting of

Rotor Set No. I followed by Stator Set No. I. The experiments are described

above in Section I1. Here, we will discuss the corresponding theoretical

calculations.

The two blade row stability theory was developed and applied to four

cases in Reference 1. These cases were Stator Sets Nos. 1, 4 and 5, each in

conjuaiction with the stationary inlet guide vanes, and Stator Set No. 6. in
conjunction with the rotating inlet guide vanes. The spacing between blade

rows was large (several chord lengths, in all of these cases to corresponds to

the experimental 3rrangement. The predizted resul1_ general-y agreed well with

the experiments. One case was rur with the ipacing halved and the results

were presented in Figure .l of Ret'erence I. Jntaroratnatel, . there were no data

for comparison.

In the present study. ont of tihe computer progras developeJ tu im-

ple2ent the two blade rn. i st Hf Reference I hA- `een nodified to nondýe

the nput nt!, te fto" _,' %nic6 it I.*~' v trn' i~ e: t

Rotor Set ý%o. I and Statr Set "to The turnrng and os dtar.,i for Rotor
Set To'.,peratnig•n isolation airf '-e tn "re, 3, t., -f Reference I

heseC da'ta Are i5ed as e'efore, ex,- f".•r tne -Jrre.l)fn •t sane error4 tn

"-;at.i e • *•b t ."• ': '.r , '_Is: t , ' •., ' !a2 ' k,:: plint*.. f'_r the

,era. *"J: ' press.-vr- -) t , -.en. .. .?-tr "! Refereh-e ' ire

• . arge The :zrrecte" d•ti are jiter V-g ure - s., -ie corrected

iat ae a lezr~iasedi oI:f )f ~;~r~-~ -t ~ ~tn sta?.

Jnfort•.•ate. . t-T* t.irnnz 4 d 1,iu -it ire a'ia!-aIe t'r

Stat~r Set 1W. I 3peraz..rn in solatir F rres ;. And 1n 3f Reference I are

iuitted in relative inlet suirl ivgits t.o tnt ranCe of anglles near thicn

At nt S A'1ý Z VI Se -*- i r irýe -
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11 Stator Set No. 1 in the present experiments are those corresponding to the

outlet swirl of Rotor Set No. I and are considerably smaller than those for

which Stator Set No. 1 data exist. Therefore, extrapolations of the data were

necessary. The way in which the data have been extrapolated is described in

the next paragraphs.

The Stator Set No. I flow turning data in Figure 11 of Reference 1

F were obtained for inlet swirl angles, 8, greater than S3 degrees because

it was in this range that rotating stall occurred on this blade row. For the

present calculations these data must be extrapolated down to /3, values of

about 20 degrees. The extrapolation was done as follows. First, the flow

turning data for Rotor Set No. 1 were examined because they had been obtained

over a wide range of operation (Figure 36 of Reference 1). Those data were

recast in the form of total f low turning angle I{~I-versus mean
angle of attack 11'3,1 - 64.where /5, and are the inlet and outlet

flow angles relative to the blades, respectively, and 6 is the rotor stagger

angle. The results are plotted in Figure 31 (without denoting the individual

data points), for 8g( auso50 4 n Odges These data collapse

quite well into a single curve, particularly at angles of attack below 10

degrees. The main discrepancies are at the higher angles of attack for each S.

Next, the Stator Set No. I flow turning data (Figure 11 of Reference 1)

were recast ini the same form of J/,' - V3~ ', where 6\, is

the stator stagger angle, and are plotted in Figure 32 for .28.2. .3.:,

and 5"..' degrees. A single correlation curve has been drawn on Figure 32 to

pass approximately through the data points and to have the same behavior at

the lower angles of attack that the Rotor Set No. 1 data had in Figure 31.I This correlation curve in Figure 32 was then used to generate the desired ex-
trapolations for each of the 6,,. values. The operating ra.cge of Stator Set

No. 1. when used in conjunction with Rotor Set No. 1. includes conditions for

which 4, is less than (S.. . For these conditions, the flow turning is

assumed to be symmetrical about , di..The final extrapolations so

generated are shown in Figure 33. where the actual data pe~nts are indicated
by the symbols.

5b



The extrapolation method for the loss data could not be established
on such a firm basis. No loss correlations analogous to those of Figure 31

could be found for the data of Rotor Set No. 1 (Figure 30). Instead. those

data could be used only as a guide for the extrapolations for Stator Set No. 1,

which are presented in Figure 34. In particular, the minimum value of the

total pressure loss coefficient, AC.,,, was taken as 0.? for 6 ,,. a 28.2 and

37.2 degrees, as was measured for Rotor Set No. 1 at the two lower stagger

angles. A larger value of the ACpT minim=. was used for 6 -S7.2 degrees.

analogous to the rotor result for daSO degrees. The loss data also were

assumed to be symmtrical about *5 ,just as for the flow turning

extrapolations of Figure 33. It is unfortunate that a better loss data extra-

t polation could not be found because, as discussed in Reference 1. the slope

of the loss curve is the key parameter in the stability analysis.

Numerical calculations based on the two blade row stability theory

were carried out for the stage consisting of Rotor Set No. 1 followed by

Stator Set No. I using the extrapolations. The rotor stagger angle was

6,,*40 degrees to correspond to the experiment. The computed damping

factor for the stage is plotted as a function of the relative inlet swirl to

the rotor, ,I,*in Figure 3Sa both for the rotor alone and for the rotor with

the stator at *28.2 degrees. Rotating stall inception occurs whe~n the

damping factor first goes to :ero and the experimental inception points are

sonfor comparison. Rotating stall occurred with one stall cell both ex-

perimentally and theoretically. The presence of the stator delays stall both

intheory and experiment by roughly the same amount.

The computed propagation velocity of the one-cell rotating stall
pattern is plotted, in the absolute coordinate system, in Figure 3Sb as a
function of A1 .again for the rotor alone and with the stator at :8...

degrees. The computed curve is dashed beyond the theoretical inception point

to indicate that the theory is not strictly applicable beyond initial incep-

tion. The experimental propagation velocities at inception are shown as well

in Figure MS.



I Numerical calculations were also carried out at stator stagger angles
of 37.2 and S7.2 degrees. At 65,~ 37.2 degrees, there was a slight addi-

tional delay in the predicted rotating stall inception point, but not as much

as was found experimentally. The predicted absolute propagation velocity de-

creased still further which is counter to the experimental results. However,

the loss data at d. a 37.2 degrees is much more limited than at 4.-28.2
degrees, see Figure 34, so that there is not as much confidence in the extra-

polation. At S. 7.2 degrees, there is only a small range over which the

extrapolated stator data overlaps with the rotor data of Figure 30. These

rotor data were obtained at rotor speeds up to 1200 rpm. Since rotating stall

inception occurred experimentally on the isolated rotor at 1000 rpm, all the
performance data between 1000 and 1200 rpm were measured with rotating stall

present and so include very high losses. For numerical calculations at

6,,,, - 57.2 degrees with the two blade row stability theory, the rotor per-

formance data in rotating stall were used between 1000 and 1200 rpm. The

discontinuity in a loss curve at inception was faired out for this purpose.

Rotating stall inception on the stage with 6s, x 57.2 degrees was not pre-
dicted up to the 1200 rpm limit. This agrees with the experiments where in-

ceptiun did not occur until a rotor speed of 1275 rpm was reached.

The results for a closely coupled rotor-stator row are encouraging

since the basic trends of a delay in rotating stall inception and a reduction

in the stall propagation velocity are predicted qualitatively. However, the

large extrapolations which were necessary in the steady-state loss and turning

data, make quantitative comparisons of limited value. M4ore significant cor-

relations must await the acquisition of steady-state loss and turning data on

the isolated stator row at the required inlet conditions as well as th'e

measurementt of the performance of the rotor row arnd stator row when combined

in a closel> coupled stage.

D. EFFECTS OF COMP'RESSIBILITY

The flow model and overall method of analysis employed in the stabziitv

theory treatment of compressible flow through a blade row are quite similar to



the incompressible analysis. The major differences are the introduction of

one more dependent variable, the density, and a corresponding additional

matching condition across the actuator which is derived from the energy

equation. The flow model is shown in Figure 36 where again the blade row is

modeled by a finite thickness actuator. The flow region upstream of the

blade row is noted as region 1 and that downstream as region 2. The mean

swirls upstream and downstream are constant but of different values. Quantities

in a blade fixed coordinate system are denoted with a subscript o. The trans-

formation between blade fixed and duct fixed corrdinates is given by
Xe -

to " t

where W,,is the blade velocity in the duct fixed system. This velocity is

given in non-dimensional form byA = In w where . denotes the flow region and
U'

Uj is the mean axial flow in region L The mean absolute swirl angle in

each region is denoted as •, and the tangent of I is defined as S, the

absolute swirl. The relative swirl with respect to the blade row is given by

S, -

Following References I and 2, all of the total flow quantities. which

are denoted by a hat, are decomposed into steady and .nsteady parts as

inhere P and • are the pressure and Jensit.. -espect•ee. Ind zac .en::

the flow region. the assumptions 3n the unstead% f:3b are sa5n:i. , e

as in the incompressible zase. •e. . the f:aw teteen t'ia.je r.)us 1i Z UnsarC:

inviseid. so that frictional and %ei: z.nd).d"Cti., effects are neg'.cte&.

Generally. however, the flow will -e rotational to reflezt :te :csses i-

curred in the blade row. The =nsteady disturbance 4uant:ties are isbiec 'z

be much smaller than the steady 4juant~ties s.'- that tne e 1.ktifl5 ý*1 ;4.n

be lineari:ed about the stead' 7.



The resulting linearized equations of motion are those of continuity,
'- and y- momentum and energy; namely,

, 0 (20)

-÷U, +- +, + 0

t,,, tw sa _ _ -, (21)

d, ' d-p - d x, ¢ -a ,a , L W , ' __ - (21)

+~ U

tr ax -0

%here the speed of sound a., is given by a' P, /R, and is constant in each
flow region; j is the ratio of specific heats. It will be observed that PO
and v. are coupled with the velocity components. This is in contrast to the
incompressible case where ), is :ero and .o, decouples. In the incompressible
zase, a stream function can be defined and the equation .olved for it, where-
jpon , ,* and -c can be evaluated. A stream function does not exist in
An-teadv -ompressible flw. but Equations (20) to (23) can be solved by assuming

s..,it.jns of the form

,~t
-c ,• -. - " :, C (25•)

(2")

•terc • - and -4 is the number of stall .ells and r is the mean
rad:)is of the blade rob. The resulhing disturbance is spatially periodic in
":he d'rect-on with period Zrr .r. The fCow is neutrally stable if C, o,
-instat'le if C * and stable if " C.



f-. Equations (24) to (27) are sibstituted into Equationz ý,'2' to Z3

":our coupled linear ordinary differential equations in . , . !R and q7

are obte'ned. These have been solved and the results Are

- t * m v. -
r

A 
4

- I ' ':

:' t" "
-• ,4 z-* t• C

w, ,2% L

I + a -• -~1,) __ 3r

- ________M_ (29)

.~5 .-t) X~ Csi

Mi Mi(30)

where Pi~ 3L Di are constants to be determined by the boundary con-

ditions and the matching conditior~s, the axial Nkch number is Mi * jaý

W" WCc. .M \)U-, and (4,1 - K H ý
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,op-tx ere are ei.-:¢ns.s I. ffe _rere.-4 t"IFed r.-o• r• 5Co;n tt-.- =or-

r t -ons- e Te -u•ars •d•rpC• a.r a n d vorns.re : anf .es a-in

".hte A anilte -e'.an .fr e cr rnst ni •;n tn

•sentheF *!,tw !ptemo"tetaerw6,es M "•-0 eurn

sents an en;r-p. t aue :a neýtre a al-,nd t-w :bean f'o y s ,treanOaTnee

tticran are eight a nstare dee*'ed e.ed from the aoundaro r--on

Jitions e The oounary Znds tions a, apstrearo and L eow-stoean oifznortiy ,

he i-mr4iate JetemIinatiin 3f fot~r jl? :hIe nstants. keiuiring irroatational:

isenstropzc: .1,w jpsrreaim )i the t-Iade row gi.es C.* Requiring

"ot-)nded su.ltitiins all upstreAm And duwnrtream int inity %ie 3 The

tour r-!naining ojnstjnts are Jetei-nined "lihe matching :onditions across the

tctuator', namelY, the conservation of -nass flow, conservation of vorticity,

flow turning relation and conservation of energy. The first three o" these

miatching conditions are similar to the inýompressible case, with considera-

tion for variable density, and the four'th is new for the compressible flow case.

These matching conditions will he outlined in the following. The

conservation of mass flow across the actuator is

U, 0 , ? -4. 1q -U/ .. R + /" 6- (32)

In vector form, the vorticity conpatability condition is

,~~- - = +F* z~ (33)

where the line integrals are taken around the countour indicated in Figure 36

and F indicates the frictional forces. Introducing the total pressure loss I
coefficient Z as defind in Section IIIB and taking the limit as side 2

approaches side 4 lujation 33 becomes:

I f)
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- w ti.' an q sa ti ti s . s b*z ra.,a°e-a x aAr't z

For a4labatic f!a hrougt the 1a• robt "e -_-ezg equat:•r a.' •e b -e...

tjw form

5 C

"where

* 8 iU hA O 2 d I

3 iz Ix 3 jz l I t X ix /I

-PI

where k, is the coefficient of thermal conductivity iti region . is the

gas constant and a4 is the found speed in regioi . In the above expressions

the integrals appearing are calculated assuming that the functions appearing in

the integrand have a linear variation between blade row inlet and outlet con-

ditions. The turning relation is of exactly the same form as in the incom-

pressible case, Equation (25) Reference 1. Substituting Equation (28) through

(31) into those matching conditions results in the following homogenious set of

equations.

[Ri] [Ii] - o(36)
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The characteristic equation is then

m 0(37)

which gives the allowable values of A (or C ) for self excited disturbance

waves.

Equation (37) is not a simple polynomial as was the case for incom-

pressible flow, hence we cannot make an analytical comparison with that case.

However, Equation (37) has been solved numerically for several cases and the

calculations for Stator Set No. 4 (from Reference 1) at a stator stagger

angle of 28.2 degrees are presented in Figure 37 as being representative of

the cases examined. In these calculations, the experimental low speed turning

and loss performance (given in Figures 12 and 15 of Reference 1) have been

used as the required inputs to the theory. This data was used for two reasons.
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First. appropriate blad row prforsafe !a:& 4ner z~es~efo

was not &vail&ble_ Se•odly. ý&e ot tft 12% spe4 data alows a di*t ::z&-

partsoru with the results of tw tncowre-ssit.* theorttica results and isere-

5y isolate the effects of compressib*e flow a&one on t.% stabi.it!,- b",4A

Figre 3' indicates that coWressible flo, outside the !>a&e roft nas a s.ight

destabili:ing effect •n ating• stall inceptson ut results ir a si:eaUe
increase in the stall. propagation velocity relative to the ba~t ru. The

slight effect on inreption conditions would indicate that conpress~bii:ty does

not significantly aiter the flow mechaniss involved in rotating stall. %ore-

over the slope of the loss curve with inlet suir. itill appears to dominate

the stability of a given flow configuration.

The present results suggest the possibility that the stabilitv of

a compressible flow configuration may be approximated by using the compressible

flow hlade row performance in the incompressible theory. Concrete proof of

this contention would require using compressible flow blade row performance in

6oth theories and comparison of the results.

E. THREE-DIMENSIONAL THEORY

Although the various versions of the two-dimensional small disturbance

stability theory have been reasonably successful in predicting the rotating

stall boundaries for the configurations tested in the Calspan/Air Force Annular

Cascade facility, there are many practical compressor designs of low hub-to-

top ratio where the two-dimensional assumptions are not expected to be valid.

This has been the motivation for the three-dimensional theoretical studies.

However, the overall approach of studying the stability of small disturbances
superimposed on a mean steady flow that was used in the two-dimensional case
appears to be substantiated by the correlations with experiment and will serve

as the basis for the three-dimensional analysis. The first step in this approach

for the three-dimensional case is the development or selection of an appropriate

analysis for the mean steady portion of the flow. Once this portion of the

flow model is available, an appropriate stability analysis may be performed.
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Srerai etbs *f 1 ;cti-g t.tb st"4v flow trov .- lade rs b-ab.t

in t.%w iatetatt• were survortsi tut n wert foun4 •tisfactor'. for various

reasonss aund threfofre. an a"ropriate appraimate math-d wis 41eýe p•4•e.

trief review of the rotuire• rnt ot ote steady flow mlod* and of AW4es a.-

ready available will proede t"he doscr~ptioa of the approximate ot•il

4eveioped Iader t." present proran.

It is required that the mdtl for the mean flow b4e capa!ý.e of rtpre-

senting the losses and large turning that occur across a blade ro% .*hee. it -s

near the rotating stall boundanr. This essentially limits consi-letation tc•

some sort of actuator disk model where espirical turning and loss d*ta nay

introduced. Although three-dimensional inviscid calculat:ons "hr-ujh a

row using finite differejice schemes have; been developed by Raec. it n

yet possible to introduce viscous or separation losses in these calculatiou?

procedures. As such, the flow through the blade passages cannot be ;alculate4

in doet•il 1ut must be modeled by an Actuatur. The uverall &pp-ui4Jh the.. Vii.

sists of developing axisymetric solutions for the flow upstream and dGwnstream

of the blade row and matching them with th., appropriate conditions across the

actuator much in the same fashion that was vmployed in the two-dimensional

theory. 1 Such a model was developed by Marble 1 0 but unfortunately this model

is limited to small turning through the actuittor. Actuator models allowing

for large turning through the blade row have been developed by Wu1 and Oates.1

These works, however, use an eigen function expansion procedure which result in

analytical expressions for the steady velocity components which are too com-
plicated to allow for a stability analysis for the unsteady flow, In addition, •
these approaches, as currently formulated, are limited to flows in constant

area annuli. Eigen function expansion solutions were also given for unsteady

perturbations superimposed on free vortex and wheel swirled flows in constant

area annuli by Kerrebrock. 3  This work only considers the propagating wave
forms that occur in such flows and does not include the decaying modes that
would, in general, be required to represent a blade row. Also, this work

14suffers the limitation to constant area annuli. Oates and Knight and Oates

and Careyis have developed a fairly general calculation procedure using the
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t_•te present purposes except tat thte njizal rric Zaca'cat+ans involved -ere

hovn :!w~ *f o-q ofr 3( t present pmflflfl The actual flt'--d levellapedd mlat tice

Z cxzsideor as a sniqpi.e Vers-on of mne fin it element approacn.

I!
~ecerail Theory

The present Analysis considers the stea..h flo. of an incompressible

fluid thrmoth a blade row in a constAnt area annulus. The methods employed.

haoever. will leave open the options for extending the analysts to compressible

flow through a variable area annulus. The actuator wi!U be considered as

infinitely thin, since, the extension to finite thickness, is not considered

difficult. The basi, idea of the present analysis is to represeqt the flow

quantities in the regions upstream and downstream of the actuator, by poly-

nomials in the radial variable with coefficients that are f-unctions of 9.

axiali vai'iablc. Thczc Z ac ff.iz .icnt.s wl ther, s'e riorindK ~ati'rvingt' m

equations of motion in an integrated or average sense.

The basic system of momentum and continuity equations for steady
F axisyuetric flow are

(38a)

Ir IA rpi

2d FU J (38b)V/--, U'- -

ir La P i

-dw -- LW o W 0(38c)

-r " 2 r

I j(r V) + 7- 0 (38d)

L ~692



The coordinate system is indicated in the following sketcn

//

The velocities in the r a and a direction are denoted as V , w and U
respectively. The static pressure is dernoted as P The actuator is located

at 1 0. 'I he annulus of constant area has an inner radius denoted by r, and

an outer radius denoted by rr The boundary conditions are:

0 No flow through the annul-Ai wA11-

V-a at r*~ ,(39)

0 Uniform flow at upstream infinity

U--J , , 0 (40)

0 All quantities bounded at downstream infinity

0 Flow turning and loss relationships specified through the actuator

e The U and V velocity components are continuous through the actuator

Instead of working directly with the velocity components and pressure

as dependent variables, it was found to be more convenient to work with the

following defined quantities:
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* A szreja fuwnve.tn r 4*efiz*d such t.,tat

then Equat ..n 3&.±' is szts ' .e%! -.I enti al Iv

* The total pressure 4Lvlded +y dtnsit

10 2

" The product r rý

"* -he 6 component of vorticity

Substituting these definitions into Equation (38) and usirg the

definition of vorticity, the governing equations for these quantities become:

-- + - r - +--1" -)- (41-
r r

- (r W) ff0
rr T *-r (42)

a -~a (r~' w 0 (43)

~r r(w

8 r ) 0 (44)

Upstream of the blade row we must have l,- 0 ,$H * constant and

VW * constant = 0, and the only unknown flow quantity is • which is determined

by the homogeneous version of Equation (41). Now Vr is to be approximated by

a polynomial in r and it has been found that a three term polynomial is the

lowest order polynomial that may be used without resulting in a trivial solu-

tion. Hence, for the initial stages of the analysis, we consider only a three

term polynomial approximation for the flow quantities with the understanding
that no steps in the analysis will be used that would prevent generalization
to higher order polynomials.
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We first define a perturbation stream function by
ri

Then te find that * satisfies the following equation.

The appropriate * will be of form

(a) a 4(z) r (46)

The a, are to be determined by satisfying Equation (4S) on an

integrated basis. Namely, we require that 1

r (47)

for 0•-0.....

Sufficient values of . are used to provide a number of equations equal to the

number of unknown functions. Using the wall boundary condition, Equation (39)

we find that

a I aA +A

where K r. r,

K, . rr: K, l -(r,, + rr)

and 4. and k, are constants to be determined. This effectively leaves only

one unknown function, a , so that only the 0 • 0 version of Equation (47) is

needed. This becomes an ordinary differential equation with constant coefficients

for a. viz.

1q,aA .9Aa., 4F AR3 (48)
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whereR _____

#9~

and the primes denote differentiation with respect to Z The general solution

of Equation (48) is

'A

where me(. L)and is real. Application of the upstream boundary condition

gives .- , . .

and C2, remains unknown at this stage. Ca is renamed ~.for convenience of

the following analysis. To this stage of the analysis, we have then

a, K.G.,e (SO&)

al, K, e~ (50b)

f Now proceeding to the downstream flow, we will denote downstr~eam

of the actuator by 4~and, in general, all downstream quantities will be

denoted by a star. The partial differential equation for 13

Using the polynomial approximation for we let

+ a e a r43 i (52)
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The wall boundary conditions again give

aa ~2 2

sothat a::
sois the only remaining unknown function and is found by satisfying

the integrated version of Equation (47'); namely,

a' 4,A, I, 53

where

Before proceeding to solve this equation, a better representation of I, is
necessary. The first step in obtaining this representation is accomplished by
multiplying Equation (42) by K*and subtracting Equation (43) multipliedA
by V '. The result is

r a (54)

or fe H(P') and consistent with the polynomial approximation procedure

,4V A 1 (55)

where A and D, are constants.

Also f~rom Equation (44) we hlave

r -uF(ID (56)

where Band D, are constants.

Substituting Equations (56) and (55) into either Equations (42) or (43),

results in

+ 2r (57)
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Using thi3 equation to evaluate Ii, gives

, 2nRQ, -BA,.a (68)

where

r'r'D 8 zU (r, - r,)
3 -

Then using Equation (58) in Equation (53), we obtain~

where Ma *.L 2 Q ()

The general solution to this equation is

"a d + b, e (60)
2a

where b 0 to keep • bounded qt infinity downstream. The continuity of
U and V across the actuatcr is equivalent tc keeping • and •' continuous

across the actuator or

- (61a)
and

(61b)

which give

Ik'

2 rn Q,

and M (m

Thus far, we have

a: Q," 2  ~ (62)
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-2 A.mQ (63)

a..

~(- -U~r(64)

-1U r2 (65)+ r "

2 + O<, + K, r +r) a, (5

so that the steady velocity field is known up to the four constants A. OD , 8
and D,, (appearing in Qand M ) which are associated with the steady turning

and loss perforwanze of the blade row. In the previously mentioned actuatorI! 10-is
disk theories, the turning (W component of velocity) and the total
pressure are considered as specified at the outlet of the blade row (actuator
sheet) which is equivalent to specifying th,ise four constants. In fact, forI

the present purposes, they could be chosen so as to agree with the annular

caz.cade measurements. However, for the unsteady perturbation analysis thatl

will employ this model for the mean flow, the blade row performance as a

function of local inlet swirl will have to be used. Therefore, we will

develop the steady analysis using the appropriate form of matching conditions

derived from the local blade row performance data. Before presenting an

example calculation, a few comments concerning the form of the solution,

1 ifEquations (63) through (65) are in order.

There is no tangential velocity perturbation transmitted upstream of

the blade row. There is, however, an axial velocity and a radial velocity

perturbation upstream of the blade row. This is to be contrasted with the

two-dimensional steady case where no disturbances are transmitted upstream of

the blade row. This feature of the three dimensional theory is expected to be

very significant in considering blade row interactions that are currently not

explainable by two-dimensional theories. It is noted that for the specific

polynomial form used here, a single linear differential equation is obtained

for the coefficients. If a higher order polynomial had 'been used, the result

would be a system of differential equations, but the system would still be
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linear. Also, the restriction to constant annulus area results in a system

of equations with constant coefficients. Consideration of variable area
annuli wlreutin a "~ liea sntm wihnon-constantcofiens

been 2a Example Calculations

of~A tesatioxarypuie ofthe above theory, the turning and loss performance
of he tatonay gidevane row of the Calspan/Air Force Annuiar Cascade has
bee esimaed.Theblade row turning and loss performance required by the

theory were obtained from two-dimensional cascade data given in Reference 16.

The data are applied in a strip-wise fashion at eaeh radial station assuming

that the outlet conditions to the blade row are only a function of the local

inlet swirl and dynamic pressure at the given radial location. The local

inlet conditions are not those corresponding to the undisturbed flow far ahead

of the blado row, but are calculated as part of the solution.

The turning and loss relations across the blade row will be given for

the general case first and then specialized to the guide vane case. These

relations are applied in a coordinate system fixed to the blades. Denote

conditions immediately upstream of the blade row by a subscript I and those

immediately downstream by a subscript 2. Then at any radial station, the total

pressure change normalized by the density is

/4 -(W2 - Wt(~

where w is the blade row rotational velocity P.nd Lrepresents the losses

and it is assumed that they are given by

L u (W

The total pressure loss coefficient, XJ , is defined as in the previous section

of this report and it is assumed that it is available from two-dimensional.

a cascade data as a functior. of solidity, stagger angle, inlet swirl and airfoil

section shape. Since these parameters may vary along the span of a blade, X(

will in general be a function of r' . Equation (66) is merely the Euler turbine

equation with the added consideration of losses.



Since the upstream total pressure is constant and assumed known, the

previous results for H, and WI, may be substituted into Equation (66) to give

*2

A,- 7 ) + 0, - O w (BV1(o) ± D2 ) (67)

where
Z T% o)) -r w, (68)

Equation (67) may be differentiated with respect to r to give

q v(0) *- - (69)
r#

which really represents the vorticity compatabil"Ly relation for three-

dimensional flow.

Let the local relative swirl ahead of and behind the actuator be

denoted by ) so that

It is then assumed that the turning performance of the blade row is available

from two-dimensional cascade tests so that ý, is known by

ý. (70)

where G is also a function of solidity, stagger angle and airfoil shape,

which in general will vary along the blade span. Using the previous forms of

the solution obtained, Equation (70) may be writt'en as

B •(o) + D, r' ;w •( (71)

differentiating this with respect to r gives

K ( = 2i 4 + •Irrr(O)G (0) (72)

71781
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Now integrating Equations (67), (69), (71) and (72) between C( and t^, gives

a system of four algebraic equations for the four unknown constants

The solution of this system will be demonstrated for the case of

the fixed guide vane row used in the Calspan/Air Force Annular Cascade Facility.

This blade row has a hub to tip ratio of 0.8, a constant solidity of 1.17

along the span and untwisted blades. The stagger angle is constant along the

span and is variable approximately from 180 to 52'. The guide vanes had an

NACA 63- (24A4 K6 ) '0 guide vane profile which is 10 percent thick. These

parameters do not correspond to those tested in Reference 16; the solidity

falls within the test range but all the tests results are for a 6 percent

thick sectiotL. Corrections could have been applied to the turning performance,

however, there was no reliable method to correct the loss data. In addition,

preliminary comparison of the loss data presented in Reference 16 with that

measured in the annular cascade facility indicated a large descrepancy in

levels. This is presumably due to the large differences in Reynolds number

between the two tests as well as the thickness differences. The Reynolds

number in the annular cascade Zacility was 9.5 x 10~ where as those in
5

Reference 16 were approximately 2.5 x 10 .It was realized at the jutsetL that

these differences in loss level would lead to poor correlation between the

present theory and the annular cascade data, but the numerical calculations4

were continued in order to check that the theory was completely formulated

and would give the right trends. The experimental loss and tur:,ing data

corresponding to a solidity ratio of 1.0 were used in the theory.4

For this particular case with w. = 0 and W'I = 0 there is no

relative swirl ahead of the guide vane row. In addition, the constant blade

row geometrical properties along the span greatly simplify the application

V of the matching conditions and the integrated forms of Equations (72) and (71)

become respectively:

.2
C~(73)

r



and
__- -2) (74)

where

;il - • 1z Q,

, UM(M+ M)

K", 3 r(-r )

R2 r

4 3 -

r.: rH rr2 r1,2r

•i? ~R5

The integration of Equation C69) and (67) give respectivelyZl
U. H T'.+r)4 r (75)

and
D,- 4, - + k.÷•(R, I + ,.,,

LT 2 (76)

where

RIK + KK IG 4
12 r$.2rrr -~ r.

12.~~~ r7,(r)r) -rC
2rr H r rr

Substitution of Equations (73) - (76) into the definition of 9, give a single

algebraic equation for q. namely,

(77)

8b b.2 bI
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where

2 2

II
b2 r. (+

0a r *;Pa +

b3 r)1;Y(47

and S = = 8 for this case. Equation (77) has been solved numerically
and has been found to possess only one real root. The required & and Y•

functions at each guide vane stagger angle were obtained from Reference 16 as

previously explained. In terms of these parameters, the overall average total

pressure loss coefficient for the blade row is

= r _1 I+_ (_- (D,-___

P- 2 3

2 This expression is plotted as a function of stagger angle in Figure 38 where
K, thle corresponding experimental measurements are also shown. As previously

explained because of the diffrenc in os evls, poorquantiLuLive agreement

Swas expected. However, throughout most of the stagger angle range the theory

has the proper trend. Comparison of the theoretical results with the two-

dimensional cascade data of Reference 16 also shown in Figure 38, indicates

that the theory is predicting the induced drag on the blade row correctly.

The reason for the abnormally high loss prediction at a stator stagger angle

of 480 is not clear. Perhaps a three term polynomial is inadequate to represent .1
the large radial variations that occui under these high loss conditions.

I 1
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The theoretical prediction of turning performance is compared with

the experiment in Figure 39. The theory is about four degrees low throughout

the stagger angle range. This is easily explained by the difference in solidityI
and thickness between the annular cascade and the data used from Reference 16.

Overall then, it is seen that the theory predicts the qualitative trends

correctly. The absolute level of the predictions is off because the two-

dimensional cascade data was not strictly appropriate for the annular

cascade guide vane geometry. Moreover, better agreement of the levels ofI
turning and loss performance between theory and experiment may be forced by

empirical specification of the four unknown constants andBDD1 ,an

Therefore, the present thecry should serve as an adequate representation of the

mean flow upon which we can perform an unsteady stability analysis.

F. CONCLUDING REMARKS ON THEORETICAL INVESTIGATIONS

During this program, the two-dimensional stability theory was ex-

tended to consider inlet distortion for incompressible flows and compressible

flows without inlet distortion. The analyses show that the principal effects

of distortion occur when the distortion wave corresponds to the natural

rotating stall mode for the system. The two-dimensional theory was also used1

to examine the stability of the case of two closely coupled blade rows ina
rotor-stator stage. The theory indicates that blade row interference fo- this

configuration has a large stabilizing effect on the stall bounda.'y. The cor-
relations with experiments verify this trend but are hampered because of lack

of appropriate steady blaC'- row performance data.

In addition to these two-dimensional analysis, the initial develop-
ment of a three-dimensional theory is report~ed. An approximate three-

dimensional analysis for the steady flow through a blade row is given. This
model is to serve as the basis of a stability analysis to predict the rotating

stall boundary.
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SECTION IV

SUMM1ARY AND CONCLUSIONS

stal inA combined experimental and theoretical research program on rotating
stl naxial flow compressors has been conducted. The primary topics

addressed in this report are the effects of stationary and moving distortion

on the rotating stall boundary f'or an isolated rotor row and the effects on

the boundary of close coupling of the blade rows in a rotor-stator stage.¶

The tests on stationary distortion effects on a rotor row included

both a two lobed and a four lobed distortion pattern. Although the total

pressure distortions were quite high for both patterns, they did not signifi-

cantly Paffect the rotating stall boundary or the rotating stall properties

after inception. Similarly, measurements of averaged blade row loss and

turning data showed little influence of the distortion. The tests with moving

distortion were performed by rotating the two lobed pattern about the com-

pressor axis both in, the direction of blade row rotation and opposite to it.

effect on or else destructively interfered with rotating stall formation

except when the pattern was rotated at speeds near the natural stall propagation

velocity for undistorted flow. Under these latter conditions, the rotor in-

carred rotating stall at much higher flow coefficients than for the undistorted

flow case. These resLIts contradict the "time to stall"t arguement that has

been used in several instances to explain the effects of nultilobe distortion

patterns on compressor stall boundaries. 'The theoretical analysis are in

general agreement with the experimental findings. The theory concludes that

distortion will niot influence the rotating stall boundary unless the distortion

pattern contains a F~ourier component which corresponds to the natural rotating

410, stall mode for the system.

The experiments on the effect of close coupling on the rotating stall

boundary for a rotor-stator stage show that the blade row interference results

in a significant delay in rotating stall inception. The rotor-stator stage
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stalls at a much larger inlet swirl than the isolated rotor. The theoretical

results also show this delay, but the numerical predictions uf the theory are

generally inaccurate due to lack of the steady state performance data for the

isolated blade rows in the swirl angle ranges needed. The theory requires these

steady state data as inputs.

In addition to the above mentioned theoretical studies, which were

performed with an incompressible two-dimensional small disturbance stability

theory, studies were performed to extend the two-dimensional theory to include

compressibility and to initiate the development of a three-dimensional theory.

The theory for compressible flow, which assumes that the flow is subsonic

* everywhere, indicates that the slope of the loss curve as a function inlet

swirl still controls the stability of a given flow configuration. The three-

dimensional theory has not been completed at this time, but the development

to date is given in this report.
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Figure 12 GEOMETRY OF STATIONARY DISTORTION SCREEN (LOOKING UPSTREAM)
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